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ABSTRACT

llocquarie lsland is the onlg exposed part of the llacquorie
Ridge Complex, which extends from the south of New Zeolond to the lndion-

Paciflc-Antorctic triple junction. The islantl lies in the central sector of

the Ridge Eomplex. ldentification of the magnetic Anomalg 7 along the

island suggests that the island formed at the Australian-Antarctic
spreoding ridge 2l l1t (I{illiamson et ol., l98l ). Rotliometric doting of lavos

and dgkes gaye Ëges ol 9.7t0.3- I 1.5t0.3 Ha (Duncan and Varne, l9ÊE).

The dominant stn¡ctural feature on the island is faulting at
evsru scale. Lavos and dgkes make up two thirds of the island. ln the

northern third of the island, û sequence of plutonic rocks is exposed next to

the lsvas and dgkes. tt ls thls plutonlc complex whlch represents the maln

theme of this thesis.
An idealised cross section (across the northern third) reveals

the following lithologicol associotions; of the base, peridotites which ore

overlaln bg a sequence of lagered rocks. The lagered rocks comprlse a serles

of troctolites, olivine-gabbros and laminated olivine-free gabbros. The

thickness of the cumulate pile is estimated to about l.Skm.The lagered

rocks ore followed bg 0 zone of massive gobbros ond then o complex of

sheeted dgkes (dgfe swarms) whlch are flnallU topped bg volcanlcs. The

volcanic section consists mainlg of pillow lavas and massive lava flows.

Well developed mûcroscopic lagering is the dominont feature 0f

the outcropping logered rocks. A chorocteristic feoture of the logering is
the lntruslve charocter of the lagers themselves. The lagers are lsomodal

and discontinuous and of limited lateral extent. Alternations of olivine-rich
and plagioclase-rich lagers tgpifg the troctolite lagering. The olivine-free
gobbros at the top of the sequence show prominent igneous lamination. The

transltion between logered ond masslve gobbros ls obrupt. 0n one side of the

contact, the gabbro shows good planar laminatisn and on the other, the

gabbro has o massive structure. The unit of massive gabbro is overlain bg

sheeted dgkes. The contoct between these two units is mutuollg intrusive.

Dgkes and lavas Ere normûllg porphuñtlc wlth lorge plogloclase phenocrysts

and minor amounts of smaller olivine and occasionallg clinopgroxene
phenocrysts.
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The petrographg of the logered rocks reveals the following
crystallisation sequence; chromite, olivine, plogioclose, clinopgroxene. The

compositions of these minerols exhibit limited variotions. 0livine is Fogg-

s¡ ünd plogioclase An9¡-75. Elinopuroxene has l1g/(llg+Fe) rotios of 0.92-
0.83. Chromite is onlg an accessory phase and has 38.5-4l8vt Cr20s; its
l1g/(Ng*¡e2*) rotio rûnges from 0.6 to 0.4. The composition of plogioclose
from the mossive gobbros vories from Ango to 4n55,, ond the clinopgroxene

displags similar l1g/(llg+pe) ratios to the cumulus clinopgroxene. The

peridotites 6re serpentinized harzburgites and show metamorphic textures
microscopicollg. Their mineralogg is verg refractory; olivine is F092,

enstatlte has l1g/(l1g+Fe) ratlos of 0.91 antl the hlgh-Ca pgroxene ls even

more magnesian, maintaining llg/(Hg+fe) ratios of 0.92-0.93. Accessory

spinel is aluminous with Cr/(Cr+Al) ratios of 0.4-0.5.
The whole rock chemistrg of the logered rocks is a reflection

of their modol mineralogg. Ti02 is olwogs exceptionallg low. The

ferromagnesian trace elements show high contents, but the incompatible
element concentrotions are at extremelg low levels. The mineralogg and

geochemistrg of these rocks support an occumulotive origin. The massive
gabbrcs show th0lelltlc dlfferentlotlon trends and s0me 0f them lmportont
Fe, Ti and incompatible element enrichments. The chemistry of these
g0bbros mag thus represent primarg melt compositions. The harzburgites
0re high in l'190, Cr ond Ni ond depleted in olkolis, Ti and incompotible
elements. Eoth, minerologg ontl bulk rock chemistry Êrgue for 0 residual
origin. The lavas and dgkes can be tlivided in two groups according to their
mineralogg and geochemistry, a tholeiitic and alkoline group.The tholeiitic
rocks hove moderate llg/(lîg+¡e) rotios and lower Hi ond incompatible
element concentratlons thon the alkallne rocks. 0n the basls of phase

diagram relations and trace element abundances, it is suggested that the

two groups ôre not related geneticallg.

Various geothermometers used to estoblish the crystollis0tion
temperatures of the plutonlc rocks. llagmatlc temperatures rsnge from
I 1650 to l2E7oC. The lagered troctolites and olivine-gabbros and the

residual harzburgites have however re-equilibrated to subsolidus
temperotures. Estimated blocking temperotures ore less th¡n E00oC ond as

low 0s 65æC. Therefore, these rocks cooled slowlg oyer ü long peñod of
time; estimated cooling rates are less than 0.0loC per Uesr. llineral-melt
equilibria indicate that liquids parental to the lagered rocks must hove had

l'19/(ltg+pe) ratios ol 0.72, high Ca0/t{420 ratios, ì l68wt Al20g, low Ti02,
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>300ppm Ni and )500-700ppm Cr. The effect of olivine crystallisation on

the tlg/(l1g+Fe) rotios and Ni-contents of basalts and dolerite dgkes hos

been determlned.2-58 ollvlne fractlonËl crgstelllsatlon côn account for the

l1g/(llg+Fe) ratios and Ni-contents of the most magnesian basalts and dgkes;

5-10Ë fractìonation accounts for basalts with moderate to low Hg/(mg*ps¡

rotios, from 0.56 to 0.66. Leost squôres colculotions indicote thot low
pressure ol lvlne+ pl aglocl ase+ cl ln0pUroxene f ractlonatl on controls the
compositions of both basalts and dolerite dgkes; the respective proportions

of the fractionating minerals are l0-208, 55-658 ond l5-30t. These
percentages Ëre in verg good agreement with their observed proportions in

the lagered rocks. Ëonsequentlg. troctolltes ore complementary plut0nlcs of

basalts and dolerites.
Phase relations in sgnthetic snd natural sgstems indicote thot

the tholeiitic and alkolic bosalts ore not reloted bg ong low-pressure ond/or
hlgh-pressure fractlonatlon process. Comblned tlato from basalts,
troctolites and harzburgites favor moderate to low degrees of partial
melting (from 20t to less thon l5E) underlow f02 conditions (possiblU

less thon the FllQ buffer). lt is also inferred from the minerologg of
hozburgltes thot partlol meltlng took place ln the 0l-En-Dl-Sp-Llq phase

volume. The source peridotite composition was estimated from different
fractions of basalt ond harzburgite; colculations indicate that the source is
similar to a spinel-lhenolite with x39ßvl l'190, ;5.5tvt Al20g, <2ßvlEaE
and <0.2tvt Ti02. Portiol melting of such 0 source lherzolite of l0- lSkbor
produces melts similar to the most primitive glasses/basalts/dolerites,
and l1ORBs as well, with z l08vt 1190. Thess mûgn€sian melts show a wide

r6nge of silico saturotion. Low-pressure olivine ond/or ol*plog+cpx
froctlonotlon produces resldual llqulds whlch ûre cmposltlonallg ldentlcal
to the evolved basalts and dolerites. Thw two groups of basalts, tholeiitic
and alkolic, have been produced bg different degrees of partiol melting.
Although the olkolic basolts resemble P-tgpe ll0RBs, there is no evidence

for source reglon heterogeneltg. The lncompotlble element characteñstlcs
of the alkalic basalts have besn produced bg small degrees of partial
melting at considerable depths, possiblg more than 50-60km. The tholeiitic
bosolts represent liquids derived from shallow depth melting, <30-40km,

where decompresslon meltlng results ln a slgnlflcant lncrease of the melt
fractions. The trends shown bg the most primitive basalts/dolerites on

phase diagrams are due to variable degrees of partiel melting and
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subsequent mixing over E wide rünge of depths, and not polgbaric olivine
fractionotion from parental picritic melts.

The presence of a thlck successlon of cumulate r0cks lndlcates
the existence and operation of a magma chamber. The various lagering

features of these cumulate rocks suggest in-situ crystallisation in a small

sized m6gm0 reservoir. This is olso supported bg the lithostrotigrophg ontl

the geochemlcol trends of the lagered rocks. The thlckness of thls z0ne ls
less than 1.5 km. Finallg, it must be emphasized that the exposed oceanic

crust on llacquarie lsland shows ssverrl and notable differences (such as

crgstollisrtion sequence of cumulus minerols, petrogrophic and geochemicol

choracterlstlcs of Þasalts) to ophlolltes. Thls makes l'locquorle lsland

distinct from other ophiolite complexes, and also a reference point for
oceanic crust generated in a major oceanic basin.
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CHAPTER 0tE: llfTRODUCTlOll

I.I PREVIOUS WORK

l'lacquorie lslond is locoted in the central port of the I'lacquorie

Ridge Complex which extends from the south of l{ew Zealond to the

lndion-Pacific-Antorctic triple junction. The islond is mode up of rock

tgpes tgpical of oceonic cn¡st ond residuol upper monlte; bosolts,

dolerites, gobbros, troctolites and peridotites. Similor rock ossociotions

orerecognised omong ophiolite complexes. The oceonic settlng of

llacquarie lsland presents the chollenge of studging o piece of oceanic

lithosphere in on oceonic envlronment.

Previous studies on the geologg of the islond rrere presented bg

I'lowson (1943), Vorne et ol. ( 1969) ond Vorne ond Rubenoch ( 197Ð. A

studg on the igneous petrologg of bosalts and dolerite dgkes oppeored bg

6riffin ond Vorne ( 1980). A detoiled investigotion of the metamorphism of

lovas ond dgkes wûs presented bg 6riffin UgAÐ.The mognetic properties

of the extrusives have been investlgoted bg Butleret ol. (1976) ond Levi et

ol. (1978). Eeophgsicol studles 'ilere corried out bg several people

(Williomson, 1974, l97E; Williomson ond Rubenoch, 1972; l{illiamson et

ol., lgEl). Ages have been obtoined from fossils in colcoreous oozes which

ore intercoloted with lovos (Ouiltg et ol., 1973). llore recentlg, K-Arand

4o¡7¡39¡r ûges from lovos and dolerite dgkes hove been reported bg

Duncon ond Vorne (1988).
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1.2 SEOPE OF THE PRESEHT STUDY

This thesis presents o detoiled studg on the petrologg ond

petrogenesis of the plutonic rocks of llocquorie lsland. The relotionship

between plutonics ond basolts is exomined. Hew models on basalt genesis

ore olso considered ond applied. The geologg 0f the islond, the field

relotions ond the regionol tectonics in the region are outlined ond

discussed in chopter two; the noture of the logering of the cumulote rocks

is presented in detail for first time, olso in the second chopter. Chopter

three describes the primary mineralogg ond chopter four the minerol

chemistry of the plutonic rocks. The metomorphism of the llocquorie

lslond plutonic rocks is examined in chopter five. Chopter six is 0 very

detoiled occount of the geochemistry of these rocks. An overview, ô

review ôcc0mp6nied bg presentotion of new doto, of the igneous ond

metomorphic petrologg of the lovos ond dolerlte dgkes ls presented in

chopter seyen. I'linerol-melt equilibria ond crgstalllsotion models ore

exomined ond discussed in chopter eight. Chopter nine is devoted to

petrogenesis; vorious experimentol studies ore onolgsed and different

petrogenetic scenorios ore assessed on the bosis of phose equilibrio, phose

chemistry and dgnomic models. Ëhopter ten presents a compreheneive

review of ophiollte llthologles, ond compares the minerologg ond

geochemistry of the llocquorie lsland plutonic rocks ond lavos to those of

the ophiolite complexes and oceonic plutonics ond extrusives.

Access to the islond wos provided bg the Antorctic Division,

Tosmonia. Fieldwork wos corried out during the 1983 ond 1904 summer

seosons. Permission to collect moteriol from the islond wos gronted bg

the Hotional Porks and Wildlife Service of Tosmonio.
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CHAPTER Thl0 : ÊEOLOGï 0F HAC0UARIE ISLAilD

2-l Reoional Settino and Tectonics

l'lacquarie lsland lies approximatelg I 100 km south-southwest of Hew

Zealand and is the onlg exposed part of the llacquarie Ridge Complex, an arcuate

sgstem of ridges and trenches approximatelg lE00 km long (figure 2.1). The

l"lacquarie Ridge Complex (IIRC) formed bg the moyement of the lndian and

Pacific plates relative to each other, and at present times represents the

boundary between the lndian-Austrrlian and the Pocific plates. The llRC extends

from the Alpine Fault of the South lsland of New Zealand to the triple junction

of the lndian-Ptcific-Antarctic plates neor 6295 - l6?E (Sgkes, 1970).The

l'lRC has a complicated morphologg. lt consists of three prtncipal segments. ln

the centrrl segment between 4705 and 5705, the ridge (llacquarie Ridge) is

normallg 2000 m below ser level, but in one cûse (llacquarie lsland, together

with the Eishop lslands to the south and the Judge and Clerk lslands to the

north), it rises above sea level (Summerhages, 1967; Hages and Talwani, I g?2).

Macquarie lsland trends almost parallel to the ridge. To the east of the

llacquarie Ridge extends the Ìlacquorie Trench, û 550 km long trough. ln the

northern segment of the l1RC, a trough (PugsegurTrench) lies to the west of the

ridge; in the southern segment, from 57oS to 6æ5, a deep trench Gjort Trench)

lies to the west of the ridge. The bathgmetry around Ìlacquarie lsland shows

very steep gradients to the east towards the I'lacquarie Trench, but smooth

gradients to the west (Summerhüges, 1967). lt is inferred that there is no

sediment coyer on the llacquarie Ridge and that the Ìlacquarie Trench contains

undisturbed sediments of variable thickness (Hages and Talwani, 1972; Houtz

et al. 197Ð. Basalt, peridotite and gabbro have been dredged from the llocquarie

Ridge to the south of l'lacquarie lsland; these rocks are similar to those exposed
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0n l'lacquôrie lsland (Summerhages, 1969; Watkins and Gunn, 1970). lt is

therefore very likelg that the ridge consists of such rock tgpes.

The llacquarie Ridge Complex is associated with relativelg high

seismic activitg. Analgsis of focal earthquake solutions have been carried sut

bg Sgkes (1967, l97Ùr, Eongharand Sgkes (1969),Johnson and llolnar(1972),

and Jones and llcCue (lgEE). These studies indicate that the earthquakes occur

at shrllow depths, and in the northern and central parts of the llRC most of the

earthquakes were located along the ridge. ln the northern segment, north of

510S, the fault motion indicates the underthrusting of the Tasman seo floor

(Johnson and llolnar, lg72); Jones and Ì1cÊue ( l gEB) inf erred fault motion along

reyerse dip-slip faults and incipient subduction beneath the northern part of the

ridge. ln the central segment and the llacquarie lsland area, the interpretation

of the fault plane solutions indicates right-lateral strike-slip motion (Johnson

and llolnrr, 1972;Jones and llcCue, lgEE). ln the southern segment of the l1RC,

right-lateral strike-slip motion predominates. The previous studies 0n

earthquake fault plane solutions ore all consistent with the rotation of the

Pacific plate relative to the lndian-Australian plate in an anticlockwise mônner

and around a pole of rotation located to the east of the centrül segment of the

ridge at 57oS (Johnson and llolnar, lg72l or 60.505 (llinster and Jordan, I978).

I{illiamson and Johnson U974, reported marine gravitg data from the

llacquarie Ridge Complex, and r#illiamson and Rubenach ( 197Ð from llacquarie

lsland. lnversion of the gravitg data revealed thickening of the lndian plate

oceanic crustal lager from west to east and towards the llacquarie Ridge, and

asgmmetry in the gravitg profile of the central l'1RC. Williamson (lgEE)

compared the asgmmetry of the gravitg profiles from l"lacquarie Ridge and

specific regions around the world known to be related to different stages of

subduction, End concluded thot the structure of the central segment of the llRC

is suggestive of incipient subduction. This is consistent with the shallow depth

of eorthquakes, and also indicates û compressional regime at the central part 0f
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the ridge. lt is inferred that the lndian - Pacific plate boundary lies at the

llacquarie Trench. The uplift of llacquarie lsland (primarilg the formation of

llacquarie Ridge) is a result of the transpressive regime in the central llRC

between the lndian and Pacific plates.

Recent data on SEASAT geoid anomalies over the llRC suggest

incipient subduction (although the definition of the geoid anomalies is poor) in

the central ridge segment, and a well developed oblique subduction zone at the

Hjort Trench (Ruff and Êazenãve, l9E5).

The compressional regime at the central segment of the l'1RC

indicated bg the crustcl thickening at this part of the ridge, resulted in the

uplift of rocks from the ocean floor bg 5-10 km. Tilting of these rocks took

place during the uplift of llacquarie lsland. Paleomagnetic data indicate that the

southern block of the island was rotated 550 clockwise about a vertical axis

relative to the central block (Williamson, lgTE). Paleomagnetic pole positioning

inferred frsm the llacquarie lsland data suggests that the island is part of the

lndian plate (r¡{illiamson, lgTE), but no unique solution can be obtained

(l{illiamson, I gEE).

The magnetic properties of the llacquarie lsland basalts are

comparable to the magnetic properties of basalts dredged from present dag

spreading ridges (Butler et al., 1976; Levi et al., 197ü. The magnetisation of

the lavas provides the major contribution to the sea-floor spreading anomalies

(Williamson, lg78).

Sea-floor spreading magnetic anomalies in the Southern lndian Ocean,

the Southwest Pacific 0ceon and the llacquarie Ridge Complex have been

investigated bg Weissel and Hages (1971), and Weissel et al. (1977'l.To the

west of the llacquarie Ridge Complex and south of ffií, the magnetic anomalg

lineations have been traced from the lndian- Antarctic Ridge to Anomalg 2l

(according to the magnetic reversal time-scale of Heirtzler et al., l96E).

l'lagnetic anomalg patterns for the llacquarie lsland region and the island itself
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have been reported bg Williamson et al. (1981). The magnetic anomalg profile

along llacquarie lsland correlates with the marine magnetic profiles to the

west of the island. The identification of Anomalg 7 in the marine magnetic

profiles and the similar magnetic anomalg data on the island, indicate that the

an0malg profile on I'lacquarie lsland is part of Anomalg 7, and the remanent sea-

floor spreading anomalies ôre preserved in the rocks of the island. The remanent

magnetisation of volcanics is similar to the sequence of reversals about

Anomalg 7; it was interpreted as suggestive of the formation of the llacquarie

lsland rocks at the lndian - Antarctic spreading ridge at about Anomalg 7 time

(Williamson et al., lgEl).

The age of llacquarie lsland inferred from the identification of

magnetic Anomalg 7 is approximatelg 27 ì1a B.P. (\{illiamson et al., l98l;
Heirtzler et al., 1968). VJilliamson ( l9EE) believes that this age is correct

within t3 lla (revision is mads to account for probable misinterpretation of

Anomalg 7 as being either Anomalg 6 or 8). Cocoliths from calcareous oozes

found as thin intercalations to the pillow lavrs of North Head, indicate an Earlg-

l-litldle lliocene age (Quiltg et al., 197Ð. Recentlg, Duncan and Varne ( l98E)

obtained K-Ar and roAr/seAr ages from the lavas and dgkes. Fresh lavas which

have suffered onlg low grade alteration (ocean floor weathering) from Horth

Head and llawson Pt., gave 40Ar/5eAr -plateûu' ages of 9.7t0.3 lla E.P. and

I 1.510.3 l'1a E.P. respectivelg. These ages were interpretated bg Duncan and

Varne (loc. cit.) as original magmatic. A K-Ar age for a hornblende separate

from a dgke (Pgramid Peak) gaye an age of I1.5t0.3 tla B.P. Lavas and dgkes from

stratigraphicallg deeper parts of the section, have suffered greenschist facies

metamorphism, and their ages, less than 7.2Í1a, simplg reflect the end of

metamorphism. The radiometric ages indicate that the oldest volcanic activitg

dates to I 1.5t0.3 lla (Pgramid Peak lavas). The fresh lavos at t{orth Head

suggest gounger volcanic activitg possiblg off-axis broadlg correlatable with

their alkalic character (Duncan and Varne, lgEE). The radiometric Eges,
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approximatelg llitldle l'1iocene, 6re compatible with the Earlg-Hiddle l'liocene

age inferred from the fossils. There is however a discrepancu with the Upper

0ligocene age (27 Ha) inferred from the seo floor spreading Anomalg 7 from

geophgsical studies. The reËsons for such a discrepancg could be related to

sampling problems, diachronous igneous activitg at the spreading-ridge, and the

complex tectonic history of the l'lacquarie Ridge. Additional work is required to

resolve the contradicting sges.

2-2 6eologg of Hacou¡rie lsland

2.2.1 Previous Work

The fisrt geological studg on llacquarie lsland appeared in 1943 bg

Douglas llawson. Almost all rock tgpes have been described in some detail, and a

tlistinction Tvas mode between the 'oldel- and the 'goungel- basic groups. A more

recent and comprehensive geological studg of the island wðs presented bg Varne

and Rubenach ( l972r.Theg recognised sections of dgke swarms and volcanic

rocks, and reported on the metamorphism of lavas and dolerite dgkes. The dgke

swarms correspond to l'1awson's'0lder'basic group and the volcanics to his

'goungef group of l-lawson. A more detailed account on the metamorphism of the

volcanics and dolerite dgkes from the dgke sryürms can be found in Griffin

ue82r.

Two thirtls of the island ore mode up of volcanics (figure 2A). The

dolerite dgkes, either in swarms 0r crosscutting other units, comprise the

second most abundant rock tgpe. Lagered and massive gabbroic lithotgpes,

together with minor peridotite outcrops, constitute a considerable part of the

outcrop in the northern third of the island.
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2.2.2 Lagered Seouence

The lagered rocks ôre exposed along Eagle Eag, Half lloon Bag and at

Handspike Point. (figure 2A). The lagered rocks comprise a sequence of

melatroctolites, troctolites and some minor occurences of anorthosite. Lagering

in igneous rocks has been considered to indicate origin bg cumulus processes

(Wager et al., 1960). The classical concept maintains that the crystals are

separated from the melt and are precipitated due to their greater densitg. The

introduced rock classification bg Wager and others was malnlg genetic. Later,

crystal settling has been questioned and alternative mechanisms have been

proposed (Campbell , l97E; tlcBirneg and Noges,1979).The terminologg adopted

here is onlg descriptive, has no genetic implications and follows lrvine (1982).

The lagers üre isomodal, consisting essentiallg of olivine and

plagioclase. Clinopgroxene is onlg a minor constituent phase. A tgpical feature

is the common alternations of olivine+plagioclase isomodal lagers (plates 2.14,

B and C). The forms of lagers are planar and discontinuous. Drag faulting is

common and suggests ductile behaviour of lagers adjacent to faults (plates

2.18, C). The angles between the fault planes and the lagering range from 24 to

6@. llineral and slze graded lagers üre normallg absent. Lager contacts are

modal (plates 2.2A, B, E). ln places, some lagers show well developed igneous

lamination (plate 2.2û.The irregularitg of lager repetition is demonstrated bg

the modal changes of olivine and plagioclase and is better illustrated in plates

2.3^, B, C and D. Sections normal to the plane of logering reveal flattening of

olivine and plagioclase on this plane. Rhgthmic lagering, a tgpical feature of the

large continental intrusions, is absent. The general stgle of lagering shows that

the modal character dominates the outcrop (plates 2.4 , B and C). The lateral

extent of the lagers themselves is limited to a few meters. The unique stgle of

logering however is the intruding choracter of individual logers (plates 2.54, B).

A lager is normallg injected to o set of parallel lagers at an angle without

showing ang contact thermol effects.
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The lagered rocks around Handspike Point comprise olivine-gabbros,

gabbros and laminated olivine-free gabbros. llinor anorthosite is also present.

The lagers üre again isomodal and discontinuous. Theg taper out over a short

distance. Lager contacts are either modal or phase. No grain sized lagers occur,

although some grain size variation is locallg observable (plete 2.64). The

intrusive nature of the lagering is present here as well (plates 2.6). lt is best

demonstrated bg mafic lagers intruding and intersecting other generation lagers

(plates 2.7A, E, C). Two sketches are redrawn after photographs in tigure 2.2,

and demonstrate sufficientlg well this complexitg. ln the olivine-free gabbros,

planar lamination is well developed bg the alignment of tabular plagioclase and

pgroxene. Lineate lamination is present is several places as well.

2.2.3 Peridotites

The peridotite outcrops rre exposed along Langdon Eag, and Unitg and

Eagle peninsulas. Smaller o"rr{"n""s of peridotite are encountered in several

other localities in the northern thinl part of the island (figure 2B). ln outcrop,

the rocks develop black weathering sufraces. ln handspecimen, pale green

enstatites are set in a black cementing material, serpentinized olivine. Long

fibres of irridescent blue-green asbestos are formed next to fault surfaces. A

tgpical feature of the outcrop is the close spaced faulting (plate 2.8Ð.

Compositional lagering is observed at Eagle Point. lt is defined bg sharp changes

in the amounts of oliyine and enstatite between adjacent lagers. These lagers

are usuallg a few centimeters thick (plate 2.88). The overall range is from

around 50cm to less than lcm. The very thin lagers are almost monomineralic.

The lateral extent of individual lagers can be traced for approximatelg 2m.
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2.2.4 Uooer Level Gabbro

This unit of massive gabbro (ULE) is sandwiched between the dgke

swarm complex and the sequence of the lagered rocks. The main outcrop extends

from Hasselborough Bag to Scoble lake (figure 2Ê). ln outcrop, it is a massive

and coarse-grained rock tgpe; it consists mainlg of plagioclase ond

clinopgroxene. Hgdrothermal alteration results in the replacement of pgroxene

bg secondarg pale green amphibole (uralite) which produces greenish

colourations.

Dolerite dgkes of variable sizes, from a few centimeters to about lm

in width, üre yeru frequent throughout the entire outcrop. The dolerite dgkes

increase in frequencg towards the top of the outcrop. The contact between the

massive ULG and the tlolerite dgkes of the dgke swarm is best exposed along

Hasselborough Bag and to the south of Huggets Point. The actuol contact is a

broad zone of changing amounts of gabbro and dgke. Gabbroic screens occur

throughout the lower horizons of dolerite dgkes, becoming more frequent

towards the contact zone (to the ULG). The percentage of gabbro increases

downsection, till gabbro and dolerite occur in approximatelg equivalent

amounts. The dolerite dgkes further diminish in abundance and become the minor

lithologg of the outcrop. An intrusive relatlon between the two rock tgpes is

observed throughout this zone. Not onlg the dolerite dgkes crosscut the massive

gabbro, but the dolerite dgkes themselves ûre penetrated bg gabbroic material

in a similôr manner (plates 2.94 and B). This mutuallg intrusive character

suggests a plastic environment of formation. Seggregations of plagioclase in
4

the form"lenses are also encountered ocross this transitional zone (plate 2.9C).

Contact relations indicate that the ULE postdates the dolerite dgkes.

There is a sharp contact between the ULG and the uppermost

laminated gobbros of the lagered series. llassive gabbro sits on a poorlg lagered

(very weak planar lamination) gabbroic tgpe. Onlg a few meters awag, tabular

plagioclase and pgroxene displag strong planar lamination.



2.9

2.2.5 Volcanic Rocks

The dominant yolcônic rock tgpes ðre pill0w lEyas, yolcanic breccias

End massive lava flows. The pillow lavas 6re preserved in excellent exposures

around North Head, Eagle Point, Caroline Cove and Green Gorge (figure 2A). The

size of the pillows varies considerablg among different outcrops, but is almost

uniform within the same outcrop (plate 2.104). The pillows ðre either closelg

packed or looselg packed. The interstitial material of the looselg packed pillows

is reddish mudstone, calcareous ooze and hgaloclastite. 6lassg rims are well

preserved, together with ropg and contraction cracks.

l'{assive lova flows are well exposed at llawson Point. A notable

feature of the outcrop is the total lack of feeder dgkes. Lenses of

volcaniclastic sediments are included in these flows and are of variable size.

The lenses Ere normalg small but occasionallg extend to several meters

(laterallg), and range from siltstone to volcanic conglomerate. Fine-grained

sediments show well developed bedding and are truncated and convoluted. The

more coðrse-grained sediments resemble rubble deposits. The volcanic breccias

consist of broken pillows. Theg resemble talus breccias accumulated at the base

of fault sc$tps.

2.2.6 Dgke Swarms

The best exposures of the dgke swarms, 0r according to several

authors sheeted dgkes, Ere encountered at Hasselborough Eag, at Gadgets Gullg,

around Lusitania Eag and along the east coast, from the Î{uggets Point to Sandg

Bag (figure 2A). The unit underlies the extrusive sequence without a clearlg

defined contact. Nevertheless, Varne and Rubenach (1972) pointed out that the

dolerite dgkes crosscut interbedded lavo flows and sediments at acute ongles to

the bedding planes. The lower contact of the unit is transitionol to the mossive

gobbros.
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The internal structure of the dgke svrarm complex has been described

bg Varne and Rubenach ( 19721and Grif f i n (1982). The main characteristic of the

complex is the parallel intrusion of dgkes amongst other dgkes. The dgkes show

chilled margins facing the same direction. The width of individual dgkes is not

constant (plate 2.lilB).Commonlg, the dgkes have poltrgritic central zones

passing to aphgric ones, and then to chilled margins. The most frequent

phenocryst phase is plagioclase. lts size decreases from the centre to the

margin of the dgke.

2.2.7 llinor Rock Units

Several outcrops of gabbroic bodies are exposed on the plateau of the

island and along the east coast of the northern part of the island. The largest is

the unit around lsland lake. A unit to the northwest of Sandg Eag, extending to

the south of llount Powerand around trigonometric 3lE, is also of considerable

size; this unit will be referred to as the Sl?-gûEo hereafter. Smaller

gabbroic bodies öre exposed between Santlg Eag and Huggets Point, and als0

between North llountain and llount Blair (figure 2B).

The exposure of the massive gabbro unit around lsland Lake is poor

and the rocks are highlg altered. The lithologies are mediurngrained to coarse-

grained gabbros. Screens of finer grained gabbro alternate with coarser rock

tgpes. ln handspecimen, pgroxenes show the effects of alteration. Theg become

greu-green to pale-green as theg are being replaced bg amphiboles. Plagioclase

alters to epidote and prehnite. Dolerite dgkes are frequent, but their width

never exceeds 30cm.

Along the west slopes of lsland Lake, the gabbro develops good

foliation. Plagioclase and pgroxene are replaced bg prehnite and biotite

respectivelg. The foliated gabbro extends from Langdon Bag to Eagle Eag, where

it is interbanded with harzburgite. The stgle of the exposed mglonitic

structures is depicted in plates 2.llE and2.l lE. A zone of cataclasite is
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exposed to the east 0f Langdon Bag. The cataclasite is a recrystallised and fine-

grained rock, and shows prominent slickensided surfaces (plate 2.1 lA). The

harzburgite interleaves with the mglonitic gabbros in a complex manner.

Recrystallised gabbroic veins in harzburgite and detatched harzburgitic blocks

of variable sizes in the mglonitic gabbros are very frequent (plates 2.1 lC and

2.t ID).

There are several small gabbro exposures in the northern third of the

island. The gabbroic bodg 318-gahhr4 to the northwest of Sandg Bag, another

smaller bortg to the south of North llountain and a few more gabbroic outcrops

scattered along the east coast. These gabbros are massive, medium-grained to

coarse-grained and in most cÊses very altered. About lkm to the north of Sandg

Bag, there is a narrow zone of gabbro which shows tgpical doleritic textures.

2-3 Structural Geologu

It is shown in figure 2A that more than two thirds of the island is

made up of volcanics. Their stratigraphg and structure was studied bg Varne

and Rubenach ( 197Ð. The predominant strike directions in the central island are

westerlg - northwesterlg, and southwesterlg. The dips rËnge from near

horizontal to steep (nearlg vertical) and change oyer a short distance. The

steepest dips however measured in interbedded lava flows and sediments,

therefore most reliable values, and are not more than 450. The lavas therefore

were tilterl. Dolerite dgkes cutting pillow lavas and lava flows interbedded with

sediments show near parsllel strikes. The angles between the planes of the

dgkes and the bedding planes of the layas, irrespective of the high Ínclination of

the latter, are alwags large. Consequentlg, the axes about which tilting occured

must have been parallel to the dgke - lava plane intersections, and assuming an

original near horizontal deposition of the lËvûs, the axes of rotation must have
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been horizontal (Varne and Rubenach, 1972). Later tectonic movements

associated with the uplift of the island resulted in rotations around vertÍcal

axes which caused the strike variations.

The thickness of the volcanic section was estimated to about l.6km

bg Griffin and Varne (1980). lt was pointed out howeverbg Griffin and Varne

that the reconstruction of the volcanic section, based on two incomplete

sections and the distribution of metamorphic mineral assemblages, must be

treated scepticallg.

2.3.1 Lauered Rocks

The lagering orientation of the troctolite exposure at Eagle Bag - Half

Hoon Eag is consistent over the entire outcrop. The dip angles however, are

variable. The lagered-laminaterl gabbros at Handspike Point have different

lagering orientation. Structural measurements are plotted on a lower

hemisphere equal area projection (figure 2.3Ð.The compositional banding 0f

the harzburgite from the Eagle Point outcrop, best correlates to the lagering

orientation of the troctolites from the nearbg Eagle Bag exposure (figure 2.34).

2.3.2 Lavas and DUke Swarms

Structural measurements on the pillow lavas and the dgke swarms are

taken from tha data set of Varne and Rubenach (1972) and are plotted in equal

area projections (figures 2.3Ê and 2.38 respectivelg). The berlding and dip

measurements of the lavas from the southern part of the island are not

consistent with those from the central island (Êreen Gorge area). Over the same

outcrop, bedding and dips correlate well with those of the assqéciated

sediments. However, the dips are variable and range from shallow to steep even

for the same Erea.

The attitudes of the dgke sÌrarms from different parts on the island

are usuallg consistent. The main dgke swarm complex consisting of the large
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exposures at Hasselborough Eag and Gadgets Gullg, strikes SE - H1.,/. At Lucitania

Bag, the sheeted dgkes strike and dip in a similür wsg (figure 2.38). The other

dgke swarm exposure however, at llount llartin, shows choracteristicallg

different dip directions (causetl bg tilting?).

2.3.3 Shear Zones

It has been before that a chcracteristic feature of the harzburgite

outcrop is the frequent all-scale faulting. The orientations of the fault planes

are plotted in figure2.4. Although theg show a wide scatter, tw0 groups Ere

distinguished.

At Unitg and Eagle peninsulas, the harzburgite is interleaved with

gabbro. The gabbroic foliation develops well to the south of Eagle Eag. The

orientation of the gabbroic foliation is shown in figure 2.5C. Along a major

fault zone, the rocks are crushed and recrystallised.The resulting azrS looilo

zone has an orientation conformable with that of the gabbroic foliation (figure

2.5C). The mglonitization of the gabbro was probablg sgnchronous to the

development of the cataclasites. Awag from the fault'zone, the gabbros are

stronglg sheared. lloving further awôg the rocks still show the effects of

dgnamic metamorphism, but progressivelg decreasing with distance.

The dolerite and gabbroic dgkes crosscutting hanburgite do not show

consistent attitudes (figure 2.5^, E). Some of the gabbroic dgkes show an

overall conformitg with the gabbroic foliation and could be related to each

other bg a common episode. ln Langdon Bag, the gabbroic and dolerite dgkes show

similar orientations.
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2.3.4 Sgnthesis

It is generallg believed todag that at ang given spreading ridge

environment the lavas are extruded on the ocean floor nearlg horizontal, the

dolerite dgkes form steeplg inclined intrusions and the plutonic rocks

accumulate in a magma chamber.

The strikes of the dgkes SE (ESE) are broadlg consistent with the

strike - around l7O0 - of the lavas from the south part of the island (south of

Double Pt.), but inconsistent with the westerlg strikes of lavas from central

island (tlawson Pt. - Green Gorge). The SE (ESE) striking direction of the dgkes

corresponds to the orientation of the marine magnetic lineations around

tlacquarie lsland (mainlg to the west) and furtherrnore to the axis of the

spreading ridge at anomalg 7 time (Williamson, lg?4).

The densitg maxima of the various lithological units are combined in

figure 2.6. A possible solution in agreement with the generallg accepted

stratigraphg, is inferred in figure 2.6. The troctolite exposure at Eagle BaU -
Half lloon Bag, the dgke swarm unit at Gadgets Gullg and the lava section of the

south block of the island are consistent with the assumed stratigraphg. lt is

also inferred from figure 2.6 that the angle between the plane of the troctolite

lagering and the attitude of the dgke swarm is about 660. The bedding planes of

the lavas are comparable to the lagering of the troctolites. The angle between

the bedding densitg maximum of the lava section and the attitude of the dgke

s\{srm unit is about ?0o. This is in good agreement with the angles of more than

6@ (mean 729) measured in the field (Griffin, l9E2).

The bedding of the lavas from the central part of the island neither

correlates to the troctolite lagering nor to the attitude of the main dgke swarm

(Gadgets Ëullg). Assuming that the different dips caused bg rotations around

near-horizontal axes, then the strikes of the central island lavas must be

rotated about a vertical axis at an angle of 6@ clockwise, in order to coincide

with the strike of the lavas from the southern island. This is in agreement with
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the poleomagnetic reconstruction of Williamson ( l97E), who showed that the

south part of the island has been rotated around a vertical axis about 550 in a

clockwise sense relative to the central island.

It is generallg accepted todag that the present dag relative motion of

the Pocific and lndian plates along the llacquarie Ridge is right- lateral strike

slip, and the motion of the Antarctic plate relative to the Pacific plate along

the Antarctic - Pacific fracture zr¡ne is left-lateral strike slip. The magnetic

lineations of the Antarctic plate extend from I to lB. The along strike lengths

of the lineotions record the total extent of the Southeast lndian Ridge during

the last 45 million Uears (Weissel et al., 1977). The anomalg 5, 6 and E

lineations on the Indian plate are shorter than their Antarctic counterparts.

This means that the portion of the lndian plate which is gounger than the

lithosphere coresponding to anomalg 9, is missing. The missing lndian

lithosphere is either subducted beneath or incorporated into the Pacific plate.

The configuration of the triple junction and the set floor magnetic

anomalg patterns can be used to determine the finite rotations and the Euler

poles between plate pairs. Since anomalg 5 time, the finite rotation between

the Pacific-Antarctic plates and the lndian-Antarctic plates has been 9.50 antl

6.70 around Euler poles at 6E.7oS-100.30E and 9.701{-36.30E respectivelg. These

finite rotations can be used to determine the the ralative motion between the

Pacific plate and the lndian-Antarctic spreading ridge sgstem. The rotation

since anomalg 5 time hos been approximatelg 5o around a Euler pole at 7005-

l600E.This pole is close but to the south of the triple junction. lt is therefore

concluded that since anomalg 5 time, the Pacific plate must have been

overriding the site of mantle upwelling once occupietl bg the lndian-Antarctic

spreading ritlge. Because of the proximitg of the Euler pole to the region, the

overriden ridge sgstem rotates clockwise with respect to the Pacific plate.

ln order to test the credibilitg and accuracg of these deductions, the

structural elements at the present dag ritlge are rotated about a Euler pole
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7005-1600E. Rotation of the lava bedding and the troctolite lagering around this

axis at an angle of l0o (which is the rotation of the ridge since anomalg 5 time)

clockwlse, bñngs polnt L to polnt L1 (flgure 2.7J.The angle between polnt L¡

and the lava maximum is about 520. The tilting between the central island block

and that from the southern island is corrected bg a simple rotation about a

vertical axis bg 500. This magnitude is very close to that inferred bg Williamson

(1978), who concluded that the south island block was rotated 550 around a

vertical axis relative to the central island block in an anticlockwise sense.

In summarg, structural measurements on lavas, dgkes and lagered

rocks indicate that the different rock units are tilted in their present dag

position, in agreement with Varne and Rubenach (1972); the island consists of

three blocks in agreement with palaemagnetic data (\{illiamson, 1978), and the

southern block has been rotated relative to the central block around a vertical

axis. The northern block is thrown on the central block along major fault zones.

The different radiometric ages obtained from the central island volcanics

(Pgramid Peak, Jlawson Pt.) and those of the northern part of the island (north

Head) suggest that these two blocks represent two non-sgnchronous pieces of

oceanic crust which are found todag in fault contact possiblg as a result of

.transform faulting. A tentantive explanation mag be the following; the oldest

central island block formed and started moving av/ag from the ridge about 11.5

I1a. A Uounger piece of oceanic lithosphere (the northern block), formed later

possiblg at the proximitg of a transform, is thrown onto the moving older

lithosphere along a fault zone when the older lithospheric crust crosses the

transform. The regional configuration of the plates and their respective motions

from Anomalg 5 time to present dag are shown in figure 2.8. There ôre numerous

transform faults transecting the Australian-Pacific spreading ridge. The two

blocks could represent oceanic crust forming in this spreading ritlge but at

different times, and being displaced along these transcurrent faults. These two

diachronous blocks are then subjected to interactions with the Pacific plate
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End are eyentuüllg uplifted together. llarginal interactions during their ascent

could be responsible for the major fault zones observed on the west coast.

Hence, although theg are in actual fault contact, theg represent

non-sgnchronous lithosphere.



CHAPTER THREE : PRI]IART PETROERAPHT

3-l Harzburoiteæ

The harzburgite mineralogg is fairlg uniform. 0livine makes up

7Oß or more of the rock bg volume and orthopgroxene accounts lor 25-30ß.

Clinopgroxene is a minor constituent (<58) and spinel is alwags less than lÍ.
The optical properties of the orthopgroxene make it of an enstatite

composition. Pervasive serpentinizatlon results in bastite pseudomorphs

after orthopgroxene and mesh-textured lizardite after olivine.

The rocks ara coôrse grained. lndlvidual enstatltes are as long as

lOmm. Porphgroclastic or mglonitlc textures common in peridotites from

ophiolltes, ûre not present here. lnstscd, olivine forms large domoins of

strained crystals ond enstatite is rounded with lobate graln boundaries,

poikiloblasticallg encloslng smaller ollvines. Exsolutlon lamellae of a Ca-

poor phase parallel to ( 100) are usuallg flne, less than l0 ¡m, but in a few

samples (eg. l6l) theg form blebs up to 0.05 mm wide.Olivine exhiblts

strain effects such as deformatlon lamellae and kink bands. ln a second group

of samples, small polggonal olivine crystrls form trails along enstatite

graln boundarles.

Reddish-brown spinel is closelg associated with enstatite. lt is

alwags anhedrrl, tnterstitial and intergranulôr, and shows worm like shapes.

Its irregular - interstitial character os well as its assoclation with

enstatlte rrgue for a resldual origln (Dick, 19771. Subhedral spinel crystals

occur however as inclusions in larger enstotite crgstols (eg. sample 179).

Clinopgroxene forms cuspote grains, alwags interstitial to enstatite and

oliYine.
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3-2 Lauered Troctolites and Gabbros

Both troctolites and olivine gûbbros exhibit cumulus textures as

well üs plûnËr lamination in thin section. The troctolites sre 0liyine-

plagioclase adcumulates, while the olivine gabbros range from adcumulates

to mesocumulrtes. Adcumulate olivine-free gabbros from the top section 0f

the lagered sequence show prominent igneous lamlnttion. The four primary

minerals -olivine, chromite, plagioclase, pgroxene- show considarable modal

variations from the lower to the upper parts of the sequence.

Troctolites rËnge from melatroctolites (olivine ¿ 70-75t) to

felsic troctolites (plagioclase > 658). ln general, the rocks ûre coarse

grained. Cumulus olivine and plagioclase are subhedral with grain sizes

ranging from I mm to 5 mm and 2 mm to 20 mm respectivelg. The olivine is

either partlg or whollg serTentinized. Plagioclose displags tgpical multiple

albite twinning and is not opticallg zoned. Chromite is alwags ün sccessorg

phase (llS). lt is commonlg euhedral to subhedral,opûque, and is either

included in olivine or plagioclase. Sometimes, it occurs at the boundaries of

the much larger oliyine and plagioclase crystals. lt is the first phtse to

crgstallize (possiblU co-crgstallised with olivine) in accord with

observations in oceûn floor tholeiites (Sigurdsson and Schilling, 1976),

ophiolites (Pallister and Hopson, lgEl) and experimental studies 0n melting

of primitive basaltic glasses (Bender at al., l97E; Fujii ond Bougault, l9E$.

The grain size vories from 0.1 mm to 0.3 mm. Ylhen chromite is enclosed in

plagioclase however, its grain size reaches 0.9mm. The clinopgroxene is

diopside. lt forms highlg interstitiol grains, more than 5 mm ûcruss,

although irregular blebs with a width of less than 0.02mm are also present.

Assuming thot clinopgn¡¡{ene represents the crystallisation product of

trapped liquid, the lagered rocks can be classified on the basis of their
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clinopgroxene content (lrvine, lgB2).l1odal diopside is less than 78 antl

therefore the troctolltes are adcumulates.

ln the olivlne gabbros from the Handspike Pt. outcrop, olivine

decreases in amount (5- l5t of the mode) and chromite is not present.

Clinopgroxene 6cc0unts for 3Oß st the volume and poikiliticallg encloses

small euhedral plagioclases, less thon 0.5 mm long. Exsolution lamellae of a

Ca-poor phase are observed parallel to ( 100). The width of the lamellae is

less than 5 Im, but occasionollg theg coolesce to larger blebs, 0.02mm wide.

ln very high resolution (SEI{ observation), two sets of lamellae are

distinguished. The first is tgpicallg parollel to (100). The other is observed

at on angle to the first and is verg fine, less than 5 Im in width. Tabular

plagioclase and clinopgroxene crgstals are aligned with their long Ëxes 0n

the plane of lagering. The planar lamination is best displagetl in the olivine-

free gabbros. Anorthositic lagers, alternating with the olivine gabbros,

displag also strong igneous lamination. These lagers consist entirelg of

plagioclase without ang interstitial phose, and hence are extreme

plagiocl ase adcumulotes.

lntrusive mafic lagers are emplaced at an angle to the lagering of

the olivine gabbros. Theg ore made up of plagioclase, olivine, clinopgroxene

ond ting chromite euhedra. Plagioclose occounts for 60-658 of the mode.

0livine is a cumulus phase ond alwags less than 25t. Clinopgroxene is

c06rse-grained, poikilltic and accounts for up to 30ß of the mode.

The observed crystallisation order is chromite + olivine ->

plagioclase -> clinopgroxene. This is similcr to the crystallisation sequence

of the l'190-rich l'{0RBs at pressures of less than 5 kbor(Benderet al., l97E).

The North llountain wehrlite is medium grained. Cumulus olivine

is subhedral to euhedral. lt is either enclosetl in large intercumulus

clinopgroxene crgstals or forms discrete domains. lnterstitiol plagioclase

and accessoru amounts of reddish-brown Cr-spinel make up the rest of the
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mode. The texture resembles that 0f an rrthocumulate (Wager and Brown,

t 967).

3-3 ÌlassiYe Gabbros

The Upper level gËbbro is coarse-grained snd consists of

plagioclase (60-70ß) and augitic clinopgroxene (30-40Ð. Rare olivine is

present in accessorg amounts. The lsland Lake and Sandg Bag gabbros are

medium to coarse grained and have similar modal mineralogies. A few

samples however, contain minor olivine (up to 55) and opaques. Tgpical

hgpidiomorphic textures characterize these rocks. Clinopgroxene, normallg

poikilitic, is partiallg or whollg replaced bg uralitic amphibole. Very fine

exsolution of an orthorfiombic phase is present in most crystals. Plagioclase

forms tabular crystals of varging sizes (0.2 mm - 3 mm long) and shows

strong optical zoning. lt alters to massive brownish aggregates. Sample

221å. displags a subophitic texture. The medium grain size and the doleritic

texture suggest that this gabbro is transitisnal to dolerite. A small gabbro

outcrop occurs to the north of Sandg Bag. The rock is medium grained with

doleritic texture. lt contains primary kaersutite, green hornblende, stronglg

zoned plagioclase, minor amounts of sphene and apatite, and lesser amounts

of skeletal ilmenite.

llost of the samples show the effects of the superimposed low

grade metamorphism, and some the effects of deformation and shearing.

Sample 2O9å- has a tgpical mortar texture, where large granular grains are

surrounded bg finer grained plagioclase and augite. lncreasing shearing

results in the texture of sample 2lE, where plagioclase and augite augen äre

set in a fine-grained recrystallised matrix.



CHAPTER F0UR : lGtE0US llltERA[OGT

Thls chapter presents new mineral data on harzburgites, lagered

troctolites, lagered olivine-gabbros, wehrlite Upper Level gabbro and other

massive gabbros, and finallg basalts. Ilineral analgses obtrined bg microprobe

analgsis using a JE0L 733 electron microanalgser at the Universitg of Adelaide.

Details on the technique and the precision limits of the wavelength (WDS) and

the energg dispersive (EDS) sgstems together with complete tables of mineral

analgses are given in appendix 3. Analgtical data on phenocryst phases from

basalts and dolerites were presented bg Cameron et al. (1980), Griffin and

Varne (1980), and Grtffin (1982). New mineral data on phenocryst phases from

the lavas have been obtained and ûre presented in this chapter. One lava

(srmple l'114) shows significant ollvine cnd spinel accumulation. The spinel

phenocrysts occur as isolated phenocrysts and glomerocrysts; the term

xenocrysts (or megûcrysts) ls however more appropriate, because these

olivines and spinels are not in equilibrium with the host lava.

1-l 0livine

4.1.1 Harzburgite

0llvines in the horzburgite are chemicallg homogeneous. The

compositlons presented here ara core crystol analgses. The range of major and

minor oxlde variations ls relativelg limited. Ho compositional variation was

detected between alternating orthopgroxene-rlch and olivlne-rich lagers. Fo-

content lthe atomic ratlo t00.Ftg/(Ftq+Hn+FaZ+)l ranges from 90.5 to 92 (figure

4.1). t{iO increases with increasing tlg/(t1g+Fe2+'), and varies from 0.39t t0

0.45ßwt (flgure 4.Ð.l1nl shows a tgpical anticorrelation to Fo-content, and

vañes from 0.10Í to 0.1SÍwt. The concentrûtlons of Eo0, AlzQ ond Cr2Q are

at extremelg low levels.
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4.1.2 Lauered Rocks

The olivins composition in troctolites spûns a limited rûngs,

Foez.s- Foee.z (flgure 4.1). ffl0 vorles sgmpothetlcallg wlth the Fo-content,

ranging from 0.20t to 0.30twt (figure 4.2').l1n0 content is between 0.15ß and

0.20twt, whlle ErzÍh ls olwags less thon 0.01Íwt. CaO ond AlzQ contents are

very 10w,0.007t-0.048wt and 0.0045- 0.0ltwt respectivelg (refer to

appendix 3). The variation of olivine Fo-contents within a thin section is of the

order of I mole8. Such a variation is very close to the analgtical error. Core to

rim variation in large olivines is minor. ln one case however, when chrome-

spinel is enclosed in or is adjacent to olivine, the llg/(l1g+FÉ+) ratio of olivine

increases towards the chrome-spinel boundary.0livine inclusions in chrome-

splnel ore more mogneslan (Fos.e¡) suggestlng subsolltlus re-equlllbratlon

with ths host mineral.

Small scale stratigraphic compositional variation of Fo-content is

limited (figure A.3^r.The overall variation in sample324is 1.2ß and in sample

393 merelg 0.63. ln the well exposed troctolite outcrop at Eagle Eag, the

thickness of the exposed sectlon of the lagered rocks is approximatelg 100

meters. Cryptlc variation from the base to the top of thls section is shown in

figure 4.38. At the base of this section, in the lnterval from sample 3l2Io
sample 315, there appeûrs to be progressive increase in the olivine Fo-content

(pattern I). A minor decrease in the Fo-content f ollows, from sample 315 t0

sample 316 (pattern E). A reset of the olivine composition towords more t1g0-

rich compositions follows (samples 316 to 3231. At the top of the section,

patterns I and tr ars not clear bacause of tha consistencg in olivine composition

(morked bg ? in figure 43û. Although these variations ûrs verg limited, it
ûppeôrs that after an interval of ollvine fractionation, the liquid becomes

depleted in t1g0 and thus the olivine crystallising from this t1g0-p00rer liquid

has a less forsteritic composition (pattern n). Pattern I (from sample 316 to
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323) results from the resetting of the llquid llg/(t{g+Fez+) ratio to higher

values possiblg bg mixing with sllghtlg more primitive melts.

ln the olivine-gabbros from Handspike Pt., olivlne displags lower

Hg/(mg+¡ez*) rotlos. lts composltl0n lles between F%r ¡ and Fosõ3. Nl0 content

ranges f rom 0.1 l8 to 0.1Etwt, and l'1n0 from O.2Oß to O.26ßwI.

4.1.3 llassive Gabbros

Three samples from the Upper Level Gabbro unit contain olivine.

Fresh ollvlne hæ Deen analgsed from two of these samples. lt ls Fq2.e to Fos¡

in composition (figure 4.1). NiO and l1n0 range from 0.09t to 0.l38wt and from

0.27ß to O.38twt respectlvelg (flgure 4.21. CaO, Al2t3 ontl Cr203 concentrotlons

are yerg low.0livine from the NW of Santlg Eag massive gabbro botlg (3lE-

gobbro unlt) malntalns o unlform composltlon, Fq5.

4.1.4 t{orth llountain l{ehrlite

Cumulus olivine from the North llountain wehrlite exposure has a

composltlon of Foß-s?. lts Nl0 content ls hlgh, O.20fl-O.26twt. P1n0 ls

variable, showing a minimum value of 0.155 and a maximum of 0.25twt.

4.1.5 Lavas

0llvine occurs as phenocrysts in both lavos and dolerite dgkes. Fresh

ollylne hos o composltlon of Foæ.r-FoeB¡ (Eñffln and Vorne,l9EO, Cameron et

al., l9S0). Eoth, forsterite content and 1{i0 content are well wlthin the

observed range in the troctolites and the olivine-gabbros. One ltva (sample

l'114) carries ûn unusuallg high proportion of olivine xenocrgsts (megacrysts).

These olivines are fresh, usuallg rounded, reaching up to Smm in size. Theg

contain a varietg of chrome-spinel and gloss inclusions. Compositionallg, theg

are l1g0-ñch (Fo$ wlth hlgh Nl0 contents, 0.50- 0.545wt. Thelr l'ln0 contents

spûn 0 llmlted mnge from 0.155 to 0.165wt, whereos thelr ErzB¡ c0ntents are
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low, 0.05-0.06twt, but higher than those in the troctolite olivines. These

olivine 'megacrysts' ûrs onlg slightlg more magnesian, but richer in l{i0 than

their associates in troctolites.

4-2 Chrome-soinsl

4.2.1 lntroductlon

Pelect spinel stoichiometrg is assumed for the recalculation of the

ferric and ferrous iron from the total iron of the microprobe analgses. The

generol formulo of splnels ls GP+h(R#)rell¿z ond devlatlons from lt ore

considered to be mlnor (lrvine, 1965). The normal cation dlstribution, eight RP+

cations in the tetrahedral sites and sixteen R9+ cations in the octahedral sites,

is also assumed. Therefore, the cation sum R3++R9++O* equals 2d where R++

represents the quadrivalent cations titanium and vanadium. @=E+Rf+ and

R9+=16-2Bl+. Divalent cations of interest are the Ì19, Fe3+ and l1n, and trivalent

cations are Al, Er and Fe3). Jlossbauer spectra results justifg such assumptions

(0sborne et al., l9El).

Spinels analgsed using the energg-dispersive sgstem (EDS) of the

electron microprobe. To ensure however the analgticol precision and

consistencg of the results, half of the samples analgsed using the wavelength

procedure (WDS) as well. For analgsis of minor oxides, the WDS method is more

accurate with lower detection limits than the EDS. The onlg significant

dlfference between the two methorls was the hlgher Yzfl¿ content lndlcoted Dg

the EDS method.

Cr-spinels lack higher reflactivitg rims and'ferritechromite' is

generallg absent. The development of 'ferritechromite' is a very common

feature of the high Cr-spinels in serpentinized peridotites from ophiolites

(Engin and Aucotl, l97l; Ongeagocha, 1974, as well as stratiform complexes
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the development of a very thin ñm of higher reflectivitg. This rim is patchg,

and consists of a silicate- ferritechromite- mognetite mix. Euhedral spinal

xenocrysts in basalts have black rims, suggesting disequilibrium with the

surrounding basalt.

Cr-spinel analgses are projected in the compositional prism of

Stevens U94Ø,r.The three projections used in this studg are, the trivalent

cation Cr-Al-Fe+l triangle, the Crl(Cr+Al) - llg/(t{g+Fû+, tnd the mg/(l'19+¡s2+¡

- Fe$/(Al+Cr+FeÞ+) plots. lllcroprobe data are listed ln appendix 3.

4.2.2 Ha.z.hurgile

Cr-spinels from harzburgites are Al-rlch and plot in the chromian

splnel fleld (figure 4.Ær.Their lO0.Crl(Cr+Al) labbreviated as crtl ratios

r6nge from a minimum of 37 to a maximum of 53, but most of the analgsed

crgstals have cr$ ratios between 42 and 48. The ratio l00.l1g/(l1g+F#)

lobbreviated as mgtl varies from 55 to 7l (figure 4.¿lA). ln general, there is an

Al-Cr reciprocitg at constant mgt, a feature yerg common ûmong ophiolitic

harzburgite - lhenolite ond alpine-tgpe peridotite Cr-spinels. The oxidation

ratio l00.Fe5+/(Al+Cr+FeÞ+) labbreviated herg as fetl is alwags less than l0

(flgure 4.¿lE). TIQ ls conslstentlg less than 0.05twt. Nl0 content ls also low

and mostlg less than 0.l6twt. The overall chemistrg compares well with that

of the abgssal and ophiolite peridotite Cr-spinels (Dick and Bullen, l9E4).

4.2.3 Lauered Troctolites

The spinel crystals ln troctolites are alwags euhedral to subhedral,

and occur as lnclusions in either olivine or plagioclase; sometimes howeYer,

theg are sandwiched at the boundaries of larger olivine and plagioclase

crystals. Their chemistry was studied in detail according to their textural
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habit. lndividual crgstËls sre internallg homogeneous. Chemical zoning, from

core to rim, wôs detected for grains enclosed in olivines.

Compositional data are plotted in figures 4.4,4.Æ and  .Æ,.The

mgt ratio increases with increasing crr, and decreases with increasing fet;

mgt ranges from 37 to 66 and crt from 42lo 58. The oxidation ratio fet is

alwags below 15. The ErzEz content of oll onalgsed Cr-splnels vorles from

36.2ß to 4l.SEwt. TIQ contents are low, but slgnlflcantlg vorloble from 0.62ß

to 2.5twt. l1n0 ayerðges 0.35twt. Cr-spinels from the intrusive melanocratic

logers at Hondsplke Pt. contaln less Cr2t6 ß4.8-37.252wü ond more TIQ

(1.98-3.32ßwll and l1n0 (0.401wt). ln the trivalent cation dlagram, there is a

general trend Ëwru from the Al apex and towards compositions richer in Cr and

Fe+ù (flgure  .Æ').The voñotlon of TIQ contents relotlve to the cr' (flgure

4.5) is simllar to that observed in Cr-spinels from abgssal peridotltes (Dick

and Eullen, l9B4l.ln addltlon, TIQ shows o good negotlve correl0tlon wlth the

mgt ratlo (figure 4.6). NlO is alwags 10w,0.07-0.1SÍwt, and correlates

positivelg with t190.

The composition of Cr-spinsls depends on their textural habit and

their size as well. The size of those crgstals which are enclosed in plagioclase

is significantlg smaller than the size of spinels (at similar mgt) enclosed in

olivine. Assuming that the smaller the crystal size the later the generation of

the crystal, then this relotionship suggests thot Cr-spinels included in olivine

are higher temperature crystallisation phases (or cocrystallised with olivine),

than those included in plagioclase. ln addition, Cr-spinels included in

plrgioclase have higher mgt (at equal grain size) than those included in

olivine. This relationship between crgstal size and mgt ratio is well displaged

in figure 4.7. Grain size and mgt show a positive correlation. Specificallg, the

smaller the grain size the lower the mgt. This trend is better displaged bg Cr-

spinels included in plagioclases.
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Compositional changes during the course of crystallisation are

presented in figure 4.8^. Crystallisation paths of Cr-spinels are inferred from

their sizes. Late crystallised Cr-spinels ûre less magnesian (lower mg$) and

more Cr-rich (higher crt) than the larger earlg crystals. The variation of crt
and mgt from core to rim is also shown for some of the larger grains. Rims

usuallg have higher crt and lower mge ratios. This trend is similar to the

'reyerse zoning- observed in spinel phenocrysts from the t'lid-Atlantic Ridge

basalts (Si gurdss on, lg77).

4.2.4 North l{ountain Wehrlite

llinor amounts of cumulus reddish-brown chrome-spinel occur in the

Horth llt. wehrllte as well. The crystal slze ranges from 20ym to 0.2mm and is

considerablg smaller than the spinel size in troctolites. Core analgses show

that these spinels have higher mgt rnd lower crt compared to spinels from

troctolites. The larger grains, mors than 60¡rm, haye high mgt ratios (70-72)

and low cÉ ratios |24-2il (figures 4.4Å and 4.48). The cr* increases with

decreasing grain size, while at the same time mgt decreases. The smaller the

graln slze, the hlgher the fe' ratlo. TIQ v0ñatlon ls alwags lnconslstent,

0.10-0.275wt, whereas Ni0 averages 0.205wt. l1n0 increases with decreasing

frg*, and is alwags limited between 0.15 and 0.258w1.

4.2.5 Lavrs

Subhedral Cr-spinel crystals occur as small discrete phenocrysts

and as rounded to euhedral inclusions in either olivine or plagioclase or both.

Their compositional variation ln terms of their crt, mgt and fet ratios is

presented in figure 4.4. These spinels have higher mgt ratios and lower cr. and

fe'ratlos thon those from the troctolltes. Theg olso have lowerTlQ contents

(figure 4.5). Their lower fes ratios indicate less oxidising conditions during

their formation than those in troctolites.
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The lava 11l4 contains numerous Cr-spinel xenocrgsts (megacrysts).

Two tgpes of xenocrysts are distinguishetl. Resorbed crystals (200 lm in
dlameter or less) wlth Alzk contents of 5Btwt, ünd euhedrol crystols or

glomerocrysts wlth black ñms (slllcate - oxlde lntergrowth) antl Alzûs

contents of 36-388wt. Both tgpes are not in equilibrium with their host basalt.

Retl-Þrown spinel xenocrysts havlng 27Ewt AleQ hove vañable slzes. The c0res

of the high-alumina xenocrysts show the highest mgü ratios (s80) and the

lowest crt ratlos (g50) (flgure 4.¿lA). The low-Alztls splnels hcve mg'ratlos

about 75 and crs between 40 and 50.

TiQ contents (core analgses onlg) are lower ln the hlgh-Al spinels,

0.12-0.l4twt, and higher in the Al-poor spinels, up to 0.20twt (figure 4.5).

The overall Ni0-content range is from 0.20t to 0.26twt, and hence is

relativelg higher than that of troctolite Cr-spínels. l1n0 contents are normallg

between 0.14t and 0.l8twt, though the more Al-rich spinels have l1n0 content

as low as 0.1 lSwt. Rims have strikinglg higher Ì1nCI, more than 0.308wt, and

lower l{iO contents, less than 0.091wt. Core-rim variation is shown in figure

4.88 for some of the xenocrysts. There is a dramatic decrease in mgt ratios

from cores to rims with a lesser increase in the crt ratio. l1g/019+FeÊÞ) drops

from 0.8 in the core to less than 0.6 in the rim and is accompanied bg a crt
increose from 52-58 t0 4ä. Slmllorlg, Tlll2 shows o conslderoble lncrease from

the cores (<0.2twt) to the rims (up to 0.7twt).

Equilibrium spinel phenocrysts in a basaltic glass from North Head

(sample NH2) have AlzQ *275wt . CrzQ s54l3wt , and l4.5twt 1190. Thelr TIQ

content is alwags more than ltwt. ln comporison to the spinel xenocrysts in

the lavas (eg. sample 11l4), theg have lower mgt ratios, higher fet ratios,

lower Alzlà ond hlgherTlþ contents. Theg ûre composltlonollg slmllar to the

magnesiochromites of Sigurdsson and Schilling ( 1976). These phenocrgsts ore

ln equlìlbñum wlth glass havlng an l1g/(l1g+Fe) ratlo of 0.64 ond o TIQ content
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0f ûbout l.6twt. TheU therefore represent lower temperatuæ - hlgher tk
crystals ln comporlson to the hlgh-Alzl]¿ splnel xenocrysts of the lrvos.

4.2.6 Discussion

Spinel phenocrysts in basalts exhibit considerable textural and

chemical variabilitg. Abgssal basalts contain rccessorg spinel as inclusions in

either olivine or plagioclase, and as individual euhedral crystals in variolitic

groundmass (Sigurdsson, 1977; Dick and Ergan, l97E; Furuta and TokugËmû,

l9E3). Sigurdsson and Schilling (1976) described three tgpes of spinel

phenocrysts in llAR basalts. Chromian spinels with cr. ratios st 22-26,

magnesiochromites with cre ratios of 45-55 and titaniferrous

magnesiochromite with intermediate cr{ ratios.'Hormal' zoning (decreasing

cr* from core to rim) and'reyerse' zoning (increasing crt and decreasing mgt

from core to rim) were detected.

The spinel xenocrysts/megacrgsts of the Ìlacquarie lsland lavas are

chromian spinels and have a zoning pattern (figure 4EB) similar to the
-reyerse'tgpe of Sigurdsson and Schilling (1976).

The crystallisation of Cr-spinels from basaltic melts is a function

of temperature, melt composition and oxggen content of the sgstem.

Experimental studies 0n the crystallisation of Er-spinels from such melts yrere

performed bg Hill and Roeder (1974) and Fisk and Bence (1980). The results of

Hlll antl Roeder (1974) suggest thot wlth lncreasing f02 ot constant

temperature, the crt ratio and the l'190 content of spinel decrease and the

ferrlc lron lncreüses. At constant fO2 , decreaslng temperature results ln ErzQ,

AlzQ ond Ì190 decreases and total lron and TIQ lncreases. Flsk and Eence

( 1980) sgnthesizetl high-Cr spinels, with cÉ ratios ol 42-47 ,lrom a FAIIOUS

olivine-tholeiite having Mg/f1g+pezi) of 0.68. Theg established the following

composition trend with decreasing temperature: decrease in mgt and crt ratios

and increase in fet ratios.
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The spinel megacrysts of the llacquarie lsland lavas are chromian

spinels and have a zoning pattern (figure 4.88) simllar to the 'reyerse' tgpe of

Sigurdsson and Schilling (1976). According to the results of Hill and Roeder

U974, and Fisk and Eence (1980), during low pressure fractional

crystalllsotlon the crt and mg' ratlos of splnel decrease anrl the TIQ content

and total lron lncreose. Ferrlc lron ônrl Tlll2 content tl0 lndeed lncrease and the

mg'ratio decreases from core to rim in the llacquarie lsland spinel

phenocrgsts, but the crt ratio increases as well. The crt pattern is not a

temperature trend, but possiblg relates to the crystallisation of plagioclase

whlch results ln an Alzts decrerse ln the melt and consequentlg ln 0 reclprocal

crt increase in the spinel ( Fisk and tsence, loc.cit.). The observed zoning

patterns of spinels from the lavas and the troctolites, considering onlg the

(large) megôcrysts and not those crystals included in olivines, ûrs essentiallg

identical. Because of this similaritg, it is inferred that the zoning patterns

shown bg the plutonic spinels are of primary magmatic origin and not a

subsolidus feature.

4-S Puroxsnes

-

4.3.1 Harzburgite

The large enstatites have l00.Hg/(Ì{g+XFe) ratios from 90.5 to 91.5.

Their CaO contEnts are between lt and 38wt. ln the pgroxene quadrilateral

dlogmm, theg plot ln the enstotlte fleld (flgure 4.9Ar.trrz(h content ls less

than lEwt, whlle Alzth spüns from l.5E t0 3.2ßwl (flgure 4.91r.Tlq ls

negligible and l{i0 never exceeds 0.1Íwt.

lnterstitial clinopgroxene has slightlg higher I 00.1'19/(Ì19+XFe) from

92 to 94 and pl0ts ln the dlopslde fleld (flgure 4.94). lts Cr2Q ûnd Alzflg

contents vary from 25 to 4twt md 0.5t and l.Stwt respectivelg (figure 4.9E).
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There üre n0 chemicol differences between the interstitial diopsides and the

exsolved Ca-rich lamellae in large enstatites.

4.3.2 Cumulate Rocks and l'lassive Gabbros

Clinopgroxene from the lagered rocks is in composition a di0psidic

augite. The most magnesian tgpes come from the melatroctolites where it is a

minor and interstltial phase. lts l00.l1g/(Hg+1pg) ratio lies between 89.5 and

92. The composltl0n range ln terms of Ea, llg, onrl Fe ls from CEgzllUs.gFE+.g

to Ca15,5l'lg4'zF%z(flgure 4.9Ð. trrzlh and Al2ft contents rÊnge from 0.58 to

l.55wt and 2.55 to 45wt respectivelg (figures 4.98 and 4.9C). Exsolved Ca-p0or

pgroxene is bronzite in composition, with l00.I1g/(11$+XFe) of 89-90 and CaO

contents of less than 0.9Ewt (flgure 4.104). lt hos tgplcollg lower Alzk U.2ß-

25nt) ond Er2Q (olwogs less than 0.55wt) thon its host dlopslde.

The clinopuroxene from the olivine-gabbros and the laminated

olivine-free gabbros, is less magnesian. The entire rünge of the

l00.l1g/(l1g+XFe) ratios is from E9.3 to 83.5. The determined compositional

rËnge ls deplcted ln the pgror{ene quodñlaterol (flgure 4.9A1. ErzÛz content ls

usuallg less than lEwt (ff gure 4.9ü.The Al2t6 ûnd Tlll2 contents ore lower

than those in the troctolite diopsides (flgures 4.9C and 4.9ù.The exsolved Ca-

poor phase has l'1g-values oÍ B2-84.The Ìlacquarie lsland clinopgroxenes show

rllstlnctlg hlgherTl02 contents thon thelr counterports fr0m ophlollte

complexes and ocean-floor gabbroic rocks (Coleman, 1977; Hodges and Papike,

1976; Hebert et al., l9E3).

Figure 4.9F is a plot of substitutions of Al and Si in the tetrahedral

sites for clinopgruxenes from troctolites (Kushiro, 1960; llalpas, l97E). The

tetrahedrol Al is low and consequentlg all the analgsed diopsides-augites plot

in the tholeiitic field. Coexisting poirs of Cr-rich (host) and Ea-poor (exsolved

phase) are plotted in the pgroxene quadrilateral (figure 4.9G). The Ca-rich

pgn¡xenes are displaced to the Ca-rich side of the solidus trend shown bg the
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pgroxenes of the Skaergaard intrusion (l{ager and Brown, 1967; Atkins, 196Ð.

The exsolved Ca-poor pgroxenes ôrs also displaced towards less calcic

comp0sitions than the primarg Ca-poor pgroxenes from the same intrusion. The

broader miscibilitg gap defined bg the l'lacquarie pgroxenes suggests

significant subsolidus re-equilibration. The Êa-rich pgroxenes define a trend

approximating the EOüC solvus of Ross and Huebner ( 1975).

Clinopgroxene from the massive gabbros has comparable major and

minor element contents to that of the olivine-gabbros and the laminated

gabbros from the lagered series.

4.3.3 Lavas

The rare clinopgroxene phenocrysts in lavas are augites. Core

analgses show limited variation. Theg usuallg have l00.l1g/(I{g+XFe) ratios of

86.6-89 (Eriffin and Varne, l9E0). ln terms of quadrilateral components and

minor oxide concentrations, the phenocrysts resemble the cllnopgroxe- nes

from the logered rocks (flgures 4.98, C and D). Reversed dlstrlbutlon of Er2As

between coies and rims was also observed (Griffin, l9E2).

4-4 Plooioclase

4.4.1 Lagered Rocks

ln the lagered troctolites, plagioclase is bgtownite to anorthite in

composltlon, Atç-es5, (flgure 4.l0r.ln the ollvlne-gobbros, lts composltlon

ranges from Ar¡1 to Ar¡e (flgure 4.10), reochlng 0 composltlon of Arg¡2 ln an

olivine gabbro f rom l-landspike Pt. (flgure 4.1lA). The overall compositional

range within individual sections is shown in figure 4.1lA, o ternary diagram of

the sgstem CaAl2Sl2ll6-llûAlSlsfh-KAlSlslh. lron antl magneslum are detectable.

The distribution of l1g is erratic.0n the contrarg, FeO shows a good positive
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correlûti0n yrith decreasing An-content (figure 4.12). Similar relationships

rvere reported for plagioclase phenocrgsts in abgssal basalts (Kuo,and

Kirkpatrick, 1982) and gûbbros (Hodges and Papike, lg76) from the mid-

Atlantic, l'lang traverses Ecross plagioclase crustäls of different orientations

reveal complex zonation. The distribution of Ca and Na is highlg irregular from

core t0 rim. Even within the same section, a unique pûttern is not defined.

Although the cores are usuallg more calcic, in several cases the rims appear

more calcic. Representative microprobe analgses are listed in oppendix 3.

4.4.2 Uooer Level Ëabbro

The plagioclase composition from this gabbroic unit varies from

4n66, ond Ans. The end member component ls lllustroted ln the An-Ab-0r

ternary plot, figure 4.llB, for eleven selected samples. Core to rim variation in

terms of An-csntent is even more irregular than in the plagioclase from the

troctolites. FeO content is higher than that from the troctolites, and reaches a

maximum value of 0.60twt (figure 4.1Ð. Plagioclase from a gabbroic screen in

the doleñte dgkes (somple 2O2r ls slgnlflcontlg more Na-rlch, reachlng 4n55,.

The entlre ronge ln thls sample ls from Ar¡4 to Ar*. ln the other mosslve

gabbro units, plagioclase spûns the range observed in the lagered rocks and the

Upper Level 6abbro.

4.4.3 lron and magnesium substitution

The substltutlons ln the two plagloclase end members, ûnorthite and

alblte, are of the tgpe R3*(R3t)2Sls$ and R+RsSls0s respectlvelg. RÊ+ cotlons

are CE, Ì1g and F#, and R3+ cations üre represented bg Al, te3+.The onlg R+

cation present ls l{a. Eecause microprobe analgses do not distingulsh between

Fe2+ and F#, stoichiometric considerations are emploged to infer the tgpe 0f

substitution. ln figure 4.13^, Ca cations ûre plotted against Al cations

(analgses recalculated on the basis of 32 oxggens). Substitution of the



4.14

ünorthite tgpe is assumed. The Ca excess oyer Al, especiallg in the more l{a-

rich compositions, suggests that not all iron substitutes for Ca in the

octahedral sites as Fe2+. The agreement between predicted and calculated Fe

distribution is better in the calcic plagioclases from the troctolites and the

olivine-gabbros than that in the ULG plagioclase, suggesting that the amount of

ferric iron, at least in the An-rich plagioclases, is very low.

Figure 4.138 is a plot of the Ea cations against the cation sum

Al+Fe+2119. lf all iron was to substitute for Al in the tetrahedral sites as Fes+,

then the relation Ca=Al+Fe+2t19-4 would be true. lt is clear that there is a shift

of the data points to the right of the predicted distribution line, and a poorer

correlation than that of figure 4.134. The next two figures (4.138 and 4.130)

illustrate the correlation of Ca with Si, rnd Ca with Si-I{g-Fetot. All four

diagrams show that iron is not exclusivelg in either Fe"l or Fes+ state. lf onlg a

small amount of iron is considered as Fes+, then the required rotation of the

data points in figure 4.154 could be achieved.The amount of Fes+ in the Upper

Level gabbro plagioclase is higher than that in the troctolite plagioclase;

therefore, the conditions vrere more oxidising during the formation of the Upper

Level Gabbros than those prevailing durlng the accumulation of the lagered

rocks.

Based on similar arguments, Eryan (1974) concluded that most of

the iron in plagioclase microphenocrgsts from oceanic basalts is in the ferrous

state, and also thot both Fe and llg substitute in the tetrahedral sites.0n the

hand, Hodges and Papike (1976) inferred that the iron of plagioclases from the

abgssal gabbros at DSDP site 334 is mainlg present in the ferric state.

4.4.4 Lavas ond Dgkes

Plagioclase is the most abundant phenocryst in both lavas and

dolerite dgkes. lt is more frequent however in the tholeiitic basalts. The

phenocrysts are usuallg tabular, zoned and corroded in their centres. Their size
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is highlg variabla (2-6mml, reaching 30mm in the alkalic lavas. Core

composltlons are ln the rûnge AnsT-7, (Eñffln, ßAA. Comeron et ol. (1980)

reported more colclc composltlons, Ann-¡.. Eroundmass plagloclase reoches a

c0mposltlons of An+e. Phenocryst ñms and mlcrophenocrysts span the entlre

compositional range.

1-S Discussion

The composition range of olivine and enstatite from harzburgites is

very restricted. Both phases Ere yerg magnesian and minor diopside is even

more magnesian. The onlg phase showing composition variation is Cr-spinel,

which shows a wide rsnge in CrlAl ratios. Cr-spinel is an Eccessory phase and

consequentlg ang compositional changes would not influence the bulk r0ck

composition, with the exception of the rock chromium. For this reason, Cr-

spinel composition, specificallg its CrlAl, llg/Fe and Ti-content, will be more

affected than the composition of ang other phase during partial melting or

fractional crystallisation. The geochemical behaviour of t{i and Cr is different

from that of Ti. Ni and Êr partition to the solid relative to the liquid during

partial melting or fractional crystallisation, because of their high crystal field

stabilizatlon energies and resulting strong octahedral site preference;Î{i is

enriched in olivine and Êr in spinel (Burns, 1973). Ti is enriched in the liquid,

increasing with differentiation. The Ni content of harzburgite olivines is

significantlg higher than that of troctolite olivines. The Ti content of the Cr-

spinel in harzburgites is extremelg low and uniform, in csntrast to the much

hlgher (and vorloble) Tlllz content of Er-splnels ln the overlglng cumulates.

Partial melting and fractional crystrllisation produce lithol0gies with

restricted phase compositions. During fractional crystallisation however, the

precipitated phases show successive composition changes towards more
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differentiated compositions. During partial melting the changes in phase

compositions involve J1g, Ni and Cr increases (incorporated in the residual

phases) and Al, Ti, Na, K, Fe decreases (enter preferentialg in the melt); that is,

phase compositions become more refractorg. The differences in mineral

chemistry (and textures äs well) between harzburgites and troctolites indicate

that hazburgites are residues of partial melting after the separation of

basaltic melts.

Experimental studies on the crystallisation of olivine from

primitive basaltic glasses confirm that at low pressures, from latm to l0

kbars, olivine is alwags the liquidus phase (Benderet al., l97E; Green et al.,

1979). Benderet al. (loc. cit.) studied the phase boundaries and liquidus phase

compositions of a primitive tholeiitic glass, with llg/(Hg+fe) = 0.68, from the

FAll0US oreo of l'lAR ln the pressure ronge lotm - l5 kbors. Ollvlne Foee.r

Eppean¡ on the liquidus at l265pC and latm. Itith decreasing temperature,

oliyine becomes less forsteritic; for instance, at 1209C its composition is

Fth{.r. 6reen et al. ( 1979) also determined the llquidus phoses of onother

primitive glass, with llg/(t{g*Fe) = 0.695, from the South Atlantic. Again,

0llvlne Fos ls the llquldus phose il 123úC ond l6tm. At l2l@E,0llvlne

becomes less l'19-ñch, F0s5,5. Plogloclose ls the second phase to appear ln the

crgstallisation order of these two tholeiitic glasses at latm. Bender et al.

(loc. clt.) reported o llquldus plagloclase composltlon of Ar6e ot l255pC, Athr

at l2lFE and Ahe 0t lzOtFE. 6reen et al. (loc. clt.) reported thot the flrst
plogloclase oppeors dl l2lfC and hos o composltlon of An¡e. There ls thus gootl

ãgreement in the determined plagioclüse composition at the respective

temperature between the two studies, considering the slightlg differing initial

gloss composltlons. The onlg dlscreponcu ls the reported pl0gloclase Ar¡e bg

Eender et al. (loc.cit.), for which Langmuir and Hanson (l9El) argued that it
was not stoichiometric.
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The composition of olivine in the llacquarie lsland troctolites and

gabbros as well as basalts is identical to that crystallising from primitive

basaltic liquids, such as the two tholeiitic glasses, at latm, whose phase

relations discussed before. The plagioclase composition in troctolites is

considerablg more calcic than that observed bg Eender et al. (loc. cit.) and

Green et al. (loc. cit.). Similar calcic plagioclase is present in the plutonic

suites of mang ophiolites. Second stage 0-narmatiye and OÌ-normal¡ye

basaltlc llqulds have sufflclentlg hlgh l1g/(l1g*Fe) ond Eo0/t{a20 rotlos to

produce the magnesian olivines and the very calcic plagioclases observed in

l-lacquarie lsland and other ophiolites. Such 'second stage' melts can be

produced bg melting a depleted mantle peridotite at shallow depths, less than

l5 km (Duncan and Green, l9A0).

The mineral cryptic variation throughout the sequence of the lagered

rocks and the overlging massive gabbros (Upper Level Gabbro unit) is shown in

figure 4.l4.The stratigraphic section wËs reconstructed on the basis of

several traverses in the northern third of the island, from Langdon Eag to

Hasselborough Bag. The variation in olivine composition (Fo-contents) is

limited throughout the cumulates; nevertheless, the olivine Fo-content

decreases progressivelg from the base to the top of the lagered sequence. A

similar pattern is shown bg the Ca/(Ea+Na) ratio of plagioclases; there is a

progressive decrease in the An-content from the cumulates to the massive

gabbros, although the within-sample observed compositional variation of

plagioclases is much greater than that of olivines. The restricted decrease in

olivine Fo-contents up-section and the overlap of the plagioclase compositions

suggest thot the llg/(ttg+¡e) and Co0/t{a20 ratlos of the fractionotlng magma ln

the crustal magma chamber maintained relativelg uniform composition,

possiblg because of mixing with primitive magmûs (with high Hg/(l1g*Fe) and

Ca0/Na20 ratios) constantlg feeding the magma chamber.
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The textures of Upper Level 6abbros, the stronglg zoned plagioclase,

the variable amounts of Fe-Ti oxides and the presence of primary amphiboles

indicate that these rocks are not cumulates, but crystallised directlg from

basaltlc melts 0t hlgher lQ than the cumulates and p0sslblU hlgher IHZO. These

rocks could possiblg represent melts.
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CHAPTER FIVE : llETAll0RPHlC ÌlltERAL06r

5.1 lntroduction

This thesis is focused on the primary mineralogg and igneous

geochemistrg of the plutonic rock tgpes. ln order to valldate the arguments

regarding the igneous processes, it is necessarg to assess the hgdrothermal

effects on mineralogg and especiallg on the concentrotions of the major and

trace elements. The following discussion is aimed towards this direction, and

bg no means is a detailed studg of the oceanic metamorphism beneath a mid-

oceanic ridge. The hgdrothermal alteration of troctolites, gabbros and

horzburgites is examlned in this section. Secondary minerols have been analgsed

and the mineralogic changes are discussed. The hgdrothermal effects on the rock

chemistrg, major oxide concentrütlons and trace element abundances, are

evaluated. The serpentinizatlon of the harzburgltes is also addressed.

5-2 Lausrsd Rocks ffid llffisius Eabbros

The troctolites and gabbros rra altered to variable degrees. The

extent of alteration depends on the strotigraphic position within the sequence

and the proximitg to fault zonss. Cumulus olivine is variablg fractured and

altered. Alteratlon commences from the cracks and proceeds inwards producing

a net sf serpentina ond magnetite dust. Four mlnerals are produced during the

hgdration process, llzardlte, chlorlte, talc and iddlngsite. lddlngsite has a

distinct brown colour in thin section and is usuallg superimposed to serpentine.

Table 5.1 gives microprobe analgses of unaltered olivine and the surrounding

lizardite, iddingsite and talc from stmples 33lA dnd349-

Plagioclase alters to a fine grained cloudg brownish mixture. ln the

anorthositic lagers, the original plagioclase is totallg replaced bg brown
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patches Ënd minor prehnite. ln sample 3 19, thomsonite yeins (table 5.2)

crosscut plagioclase, now 6 mixture of clag minerals and clinozoisite. Similar

replacement products have been describetl from the Equatorial llid-Atlantic

gabbros (Honnorez and Kirst, 1975). Clinopgroxene is either rimmed or replaced

bg colourless amphibole along its cleavage traces and oround its periphery. The

secondary amphibole alwags mimics the clinopgroxene precursor. Extreme lower

temperature hgdration of augites next to fracture zones results in dark brown

aggregates.

Three tgpes of amphiboles are present in the plutonic rocks. A

colourless varietg replacing augites, E green hornblende forming veins and a

primary brown amphibole. The uralitic amphibole is commonlg pale green t0

colourless wlth low Al2tI¿ (<4twt) ln the troctolltes. ln the mosslve gobbros, lt

is an actinolite with pale brown to pale green colours (figure 5.1). Veins of

green hornblende üre common in the Upper Level Gabbro and absent in the

troctolites. Eolourless actinolite-tremolite occurs in cracks and amggdaloid

fllllngs. lt shows euhedrol shopes and ls hlgh ln AlzBs, more thon lOtwt. Needle

like fibers of tremolitic actinolite form patches in altered plagioclases. The

obseryed compositional field is shown in figures 5.1 and 5.2, according to the

classification of Leake (19?E).The recalculation of the ferric iron, Aliv and Alvi

were carried bg the fortran program of Spear and Kimball ( l9E4). ln sample 726,

the prlmaru bn¡wn amphlbole ls koersutlte. lt has more than 45wt TIQ and

2Ewt Naz0.

ln the massive gabbros, chlorite is a common secondary mineral. lt

occurs in patches and complex (multiple lager) veins. Compositionallg, it is a

clinochlore tgpe witfr ffi ratios from 0.10 to O.22.0ther frequentlg

occuring metamorphic phases include epidote, clinozoisite (table 5.3) and

recrgstalllsed plagioclase of andesine (Arg) composition in sheared samples.
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l'linor sulphides sre represented bg chalcopgrite, pgrite and galent, and occur in

the most altered samples.

lletamor¡hi c condi ti ons.

ln troctolltes, the secondary hornblende has hlgh Al2Q contents

(> l0twt), while the actinolite from the massive gabbros has alwags less than

4ßwI Alztls.Thls ls ln agreement wlth expeñmental studles ln basolttc

sgstems, which showed that the Al-content of the amphibole increases with

increasing grade of metamorphism (Liou et al., 1974; lloodg et al., 1983). ln

troctolites, the hornblende probablg formed above 5500C (Liou et al., loc.cit.).

This is the upper temperoture stabilitg limit of chlorite and represents the

transition from greenschist to amphibolite assemblages (lloodg et al., loc.cit.).

The disequilibrium textures and the coexistence of hornblende, actinolite and

chlorite indicate retrogression.

The greenschist facies assemblage actinolite+chlorite+ epidote+

albite has an upper temperature boundarg 0f 4750C (Liou et al., loc.cit.). This

assemblage characterises the massive gabbros, although albite is not present.

The metamorphic assemblage of troctolites is therefore suggestive of

metamorphism at the onset of amphibolite facies. The metamomhic assemblage

of the gabbros indicotes greenschist facies, 0r upper actinolite facies according

to Stern and Elthon (1979). The presence however of chlorite and zeolite veins

in the troctolites, suggest a later retrograde event. This is attributed t0 the

successive changes ln temperature, which were possiblg governed bg

readjustment to different depths. This is also the case for the massive gabbros,

where chlorite coexists with actinolite+sulphide.
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5.3 Sernentinized Harzburgite

The stgle of serpentization in harzburgites is similar to that desribed

from oceanic ultramafics (Aumento and Loubat, l97l).0livines are cut bg a

multiple network of cracks and fractures along which alteration proceeds

inwards. Pervasive alteration results in mesh and hour-glass textures of

serpentine after olivine, and bastite pseudomorphs after enstatite. The

serpentine shows tgpical undulatory extinction and fibrous development. lt is a

length fast tgpe. With increasing deformation mesh textures change to ribbon.

The bastites show inward zoning (ie. sample 107). The development of

sequential zones from the rims to the centres, and the relict enstatite cores

suggest progressive replacement of the original crystals. Eompositions of

llzardlte are llsted ln tables 5.4 and 5.5. Eostltes have hlgher Alzlls and Er2tg

contents than lizardite replacing primarg olivine. Fresh chromite is usuallg

reddish brown. Alteration produces very dark brown to opaque crgstals.

An important aspect of serpentinization is whether it is a constant

volume or isbchemical process (Thager, lg66). lloodg (1976) inferred that

serTentinization takes place under constant volume and chemical composition at

the same time. A second important aspect is the introduction of the fluid phase.

ln oceanic environments, seawater penetrates the crust to considerable depths

through the extensive fracture sgstem. The depth of fluid penetration varies

between fast and slow spreading ridges because of the different fracture

patterns. Alteration is more advanced in fast spreading ritlges (lloodg, 1979).

The pervasive serpentinization of I'lacquarie lsland harzburgites indicates

sufficient supplg of a fluid phase through an extensive and well develoPed

fracture sgstem. The relativelg fresh nature of the olivine-gabbros is in

contrast to the altered character of harzburgites. This difference is a

reflection of the situation at the ridge. The deepest seated harzburgites are

intenselg faulted at a first stage. This stage is followed bg the uplift of the
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harzburgite blocks to such crustal levels where serpentinization commences.

The next stage is the squashing of these blocks to the overlging crustal

sequences. The final episode was accompanied bg the development of numerous

faulting at every scale, well preserved in the exposure along Langdon Bag.

The hgdration reactions taking place during serpentinization are

summarized bg Coleman (197Ð. Hgdration of olivine and orthopgroxene regults

in lizardite (tchrysotile) and brucite. Erucite is important because it defines

the lower limit of serpentinization. lt is however absent in these llacquarie

lsland rock samples which have been studied. lron is partiallg oxidised and

released during olivine alteration, resulting so in secondary magnetite. ll0odg

(1976) has shown that the presence of magnetite is related to high temperature

and low oxggen fugacititg.Othervise, iron substitution takes place into brucite.

Coleman and Keith (1971) examined the effects of serpentinization in dunites

and harzburgltes ln terms of modal mlneralogg, I1g0/5lQ ratlos ond maJor oxlde

concentratlons. Theg concluded thtt SlQ, llg0, Fe0t (totol lron), Alzlh,CrzÛz

and Ni0 have not changed during serpentinizotion, although calcium loss has

been observed. The llocquoñe lslond hozburgltes hove slmllar l1g0/5lQ rotlos

to those reported bg Coleman and Keith (1971). Also, the bastites have similar

Erz}zond Al2Q contents to the unoltered enstatltes (toble 5.5).

The tgpical metamorphic assemblage of the llacquarie harzburgites

is lizartlite+chrgsotile+ magnetite. Experimental evidence suggests that this

paragenesis formed at temperatures less than 3500C (Evans, 197Ð. lt is also

similar to the tgpe-S assemblage of Y/icks and Whittaker (1977), although

brucite is not present. Antigorite forms above 5000C during prograde

metamorThism. lt is not observed in llacquarie serpentinites.

An experimental studg on the direct interaction of seawater with

fresh harzburgite (E0t olivine and l5F enstatite) at 5000C antl 500 bars was

carried bg Segfried and Dibble (1980).The results are consistent with the

pretllcted phose changes in the l1g0-5lQ-þ0 sgstem for pressures l0wer than
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lkbar (Johannes, l96E). The characteristic assemblage is lizardite+ magnetite+

minor anhgdrite. This püragenesis strikinglg resembles that of the llacquarie

harzburgites, apart from the apparent incoming of minor anhgdrite.

llost of the oceanic serpentinites are enriched in chlorine and boron,

thus suggesting interaction with sea water (Sanford, l9El). Some chlorine was

detected in the microprobe analgses of bastites (table 5.5).

ln summary, the magnesium, total iron, aluminium and chromium

contents of the llacquarie lsland harzburgites were probablg unaffected (or onlg

slightlg modified) bg the serpentinization pn¡cesses. The temperature and total

pressure conditions of retrogression were 3000-3500C and less than lkbar

respectivelg. There are n0 indications of shearing during the hgdration of

harzburgites.

5.4 Chemical Effects of Alteration

Low temperature alteration of basalts is a complex process. lt

usuallg lnvolves lncreases ln F¿Q and þ0, removol or oddltlon of alkalls,

leachlng of potosslum ond rubldlum, and decreoses ln Sltb, Alzûs and EoO (Hart

et al., 1974; Saunders et al., l9E0). Griffin U982, concluded that during the

metamorphism of llacquarie lsland lavas and dgkes water was gained and the

tû+ltÈ3+ ratios changed. The elementsTi,2r,l, Hb and REE are known to be

immobile during low temperûture metamorphism (Pearce and Cann, 1973; Pearce

and Norrg, 1979).Griffin (1982) found very good correlations between the

immobile 7r,P,Ti and the alkali elements.Tr,l and Ti also correlate well

amongst themselves and with the major oxides as well. This suggests that the

original abundances of these elements in the lavas and dgkes have not been

destroged bg hgdrothermal procssses.

ln gabbroic rocks, metamorphosed from greenschist to amphibolite

facles, certaln chemlcal chonges took place. lntroductlon of l{4, K, þ0 and
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removal 0f Cä has been demonstrated for hgdrothermallg altered gabbros from

the mid-Cagman Rise (lto and Anderson, l9E$. Leaching of several elements

mag occuraccording to Stern and Elthon (1979).The alteration of the llacquarie

lsland troctolites and gabbros is not pervasive.Olivine and augite Ere more

susceptible to alteration than plagioclase. The replacement of olivine involves

the oddltlon of at least Al, Ca and þ0 ond the removol of l1g and lron.

Slmllorlg, the alteratlon of pgroxene bg amphlbole requlres lhO ûnd Al addltlon,

and a sink for Si. lf element losses and gains are 6cc0unted for, then it ûppeôrs

that theg balance each other. The onlg exception is the necessary introduction of

þ0, and mlnor t{a and Cl. Perculotlng sea water ls the onlg source of supplU for

0l-l-, Ha, and K and El. Sea water is also capable of transporting Êa, llg and Fe

(lto and Anderson, l9E3).

Examination of the bulk compositions of fresh and altered rocks

shows no differences in both major and minor oxide concentrations. Certain

immobile elements such rs 7r,Y, P and Ti show good positive correlations

amongst themselves under a wide range of metamorphic conditions. Similar

good correlations are displaged bg the llacquarie lsland plutonic rocks (chaPter

6). 0ther elements occuring in trace concentrations such as Er, Hi and Sc, V

show covariances which are anticipated from the modal mineralogg. lt is

concluded that the penetration of sea water into the oceanic crust and its

interaction with the lager of the gabbroic rocks, is the cûuse for the

development of the observed metamorphic assemblages. Secondlg, the bulk rock

compositions have not been modlfied during the alteration process. The removal

of certain elements from specific primary minerals is limited to the scale of a

few centimeters.
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CHAPTER SII : ËE0CHEIIISTRT 0F PtUTOtlC R0CKS

6.1 lntroduction

This chapter examines the bulk rock chemistry of cumulate rocks,

massiye gabbros and harzburgites. A set of 60 samples from the lagered rocks

(Half Hoon Bag and Handspike Pt. area),76 samples from the various massive

gabbro units (Upper Level Gabbro, lsland Lake unit, North l'lountain outcrop,

llount Elair outcrop, Jl?-gabtra unit to the northwest of Sandg Eag, Rookery

Êreek outcrop), two samples from the North l1t. wehrlite and ten harzburgite

samples (Langdon Bag, Eagle peninsula) were analgsed bg lßF techniques (see

appendix 21or details on sample preparation and analgtical technique). ln

addition, fifteen dolerite dgkes intruding harzburgite, logered rocks and

massive gabbros were also analgsed; major and trace element data of dolerite

dgkes ìyere presented in chapter seyen. Complete tables with the analgtical

data and CIPþJ normrtive mineralogies are included in appendix 2.

The chemical changes taking place during hgdrothermal alterati0n

were assessed in the previous chapter. SerTentinization of harzburgites is

malnlg responslble for þ0 lncreases and oxldatlon of ferrous lron t0 f errlc

iron. Altered samples Ës well as samples containing veins of metamorphic

minerals and sulphides were excluded. The effects of alteration and

metamorphism on the bulk rock composition of troctolites and olivine-gabbros

as well as massive gabbros were discussed in chapter five. lt was inferred that

mojor element concentrations have remained nearlg constant during submarine

hgdrothermal alteration. When the modal mineralogg and mineral chemistry are

combined, then the estimated concentrotions of major elements compare well

with the measured major oxide contents in most rock samples. The loss on

ignition (L0l) varies from O.Et to 3ßwt. llelatroctolites howeYer, show higher

L0l contents, up to l2twt becouse of the advanced stage of olivine
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serpentinization. Samples from the vicinitg of fault zones and shear zones have

been excluded.

The elements Ti, Zr, Nb are known to be immobile during

metamorphism. The elements K, Rb, Cs, Ba, light rare earths (LREE) and Th were

named large ion lithophile (LlL) bg Schilling ( | 973). Wood et al. ( 1979)

preferred the term'hggromagmatophile-, and distinguished two groups; the

-more hggromagmatophile' elements comprising the group of Rb, K, Th, Ta, Nb,

LREE and the 'less hggromagmatophile' group including 2r,Y,Ti, Sr and HREE.

Their classification is based on the bulk distribution coefficients which are

less than 0.01 forthe first group and about 0.1 forthe second group of

elements. Saunders et al. (1980) argued that the previous scheme did not

consider the atomic structure of the elements. Theg proposed the following

grouping of elements according to the radius/charge ratio; elements with

radius/charge ratio of less than 0.2 are named'high field strengh'(HFS) and

those having radius/charge ratio of more than 0.2 -low field strengh' (LFS). HFS

elements include the Zr, Hf, Ti, P, Nb, Ta ond LFS the Rb, Cs, Ba, Sr, REE.

6-2 Peridotites

The llacquarie lsland'tectonite' peridotites, mostlg harzburgites,

have been affected bg hgdrothermal alteration. The rocks ãre serpentinized and

have average L0l (loss on ignition) values o1 12ß. The alteration effects on

their bulk chemistry have been discussed in chapter five. lt has been inferred

that the principal process during seprentinization is the hgdration of primary

mlneral phoses, resultlng in fncreases ln the þ0 content and the te2ATlFeO

ratlos, ond posslblg the lntroductlon of EQ and chlorlne. For thls reoson the

bulk onalgses rrere otlJusted to woter free basls. The amounts of 5lQ, l'190,

fegt (total lron), Alz[ry' Nl ond Cr remolnetl relotlvelg constant, 1n agreement

with deductions for serpentinized peridotites from ophiolites (Coleman and
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Kelth, l97l ). lt ls however posslble that some Alzlt and TIQ have been lost

(lligashiro et al., 1969b).

The l1g0/(llg0+Fetlt) ratios rsnge from 0.84 to 0.81, and the

Ilg/(fg+IFe) rotlos from 0.89 to 0.91. The Al2ft (lt -l.SEwt) and EaO (0.06t

- 0.6ßwt ) content is a function of the modal amount of spinel and pgroxenes. Ti

is alwags very low, less than 150 ppm. ln order to evaluate the chemical

characteristics of the harzburgites, major oxides are plotted in figure 6.1. The

major oxide variations in respect to l1g0 content are shown together with

compositional data from ocean floor peridotites. lt is apparent that the

l.lacquarie lsland rocks form ô group towards the more refractory compositions

of the ocean floor perldotltes (htgner ñ90 ond lower Alztls, EaO ond olkall

contents). ln an AFI'1 diagram (figure6.2J the harzburgites plot on the l1g0-Fe0

sideline and towards the Ìlg0 corner.

The concentrations of the compatible elements Hi and Cr average

2l00ppm and 2550ppm respectivelg. The abundances of the transition metals

Sc and V range from gppm to l4ppm and from 33ppm to 58ppm respectivelg.

Concentrations of the incompatible elements Zr, Y, Hb, and Rb are extremelg

low and usuallg below the detection limit of the analgtical technique (less

than I ppm).

ln terms of major and trace element contents, the llacquarie lsland

harzburgites are verg similar to the tectonised peridotites from ophiolite

complexes and also to peridotites recoyered from the ocean floor. lt is

generollg accepted that the whole rock chemistry of these peridotites

indicates that such rocks are refractorg residues left behind after the removal

of basaltic liquids from an initiallg undepleted upper mantle peridotite source

(Dick, 1977; Hamlgn and Bonatti, l9E0).
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6J Lauered Rocks

The concentrations of both major and trace elements from a

representative set of samples including lagered melatroctolites- troctolites,

plagioclase-rich troctolites, olivine-gabbros, minor anorthosites and laminated

olivine-free gabbros are presented here. llajor oxide variation reflects the

variation in the modal amounts of olivine, plagioclase and clinopgroxene. The

correlation between the major oxide concentrations and the l'190 content is

shown in figure 6.3. The olivine-rich rocks show tgpicallg high t1g0 contents

and low to very low Ca0, alumina and alkalies. The plagioclase-rich and

cllnopgroxene-rlch gabbros have lower l1g0 contents ond hlgher CoO, Al2tls and

alkali contents.

ln an AFll diagram (figure 6.2) the lagered rocks define a rock trend

awag from the l1g0-Fe0 sideline and towards more iron-rich compositions. The

melatroctolites plot on the t1g0-Fe0 sideline, the troctolites and olivine-

gabbros towards more iron and alkali rich compositions, and the uppermost

lagered gabbros partlg overlap the compositions of the least differentiated

massive gabbros. llelatroctolites hrve high l1g0 contents (38-4O.2Ewt) and low

to very low alumina, alkalies and Catl (figure 6.3). Troctolites have lower l1g0

contents (9-308wt), and higher CaO (9- lSBwt) and alumina ( I 1.5-278wt)

contents. The alkali content is alwags very low. These variations reflect the

changes in the modul amounts of olivine and plagioclase. The l1g0 content of

0livine-gabbrss ranges from 78 to lS8wt. The lagered rocks define a general

trend of decreasing l1g0 wlth lncreasing Ca0, Alzk, 5lQ and N0z0.The best

correlatlon ls shown bg l1g0 and CaO contents. K20 ls less than 0.0ltwt in the

melatroctolites and between 0.18 and 0.5twt in the troctolites; its

concentration however could reflect secondary alteration effects. ln fresh

olivine-gabbros which show the minimum alteration effects under the

microscope and the lowest loss on ignition values of all analgsed samples from
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the lagered sequence, K2O ranges from 0.05ã t0 0.04twt. The l1n0 content of

troctolites varies from û.05t to 0.lOtwt. lt increases progressivelg in the

olivine-gabbros, and it reaches a maximum value of 0.l98wt in the uppermost

laminated olivine-free gabbros.

The TIQ content of melatroctolltes ls very low, alwogs less thon

0.05Ewt Q40-440ppm Tl); ln troctolltes, TIQ rãnges from 0.068 to 0.1twt

(220-850ppm Ti), increasing progressivelg in the olivine-gabbros and gabbros,

where lt varles from 0.1 lt lo O.2EwL Tlth content lncreoses steatlllg wlth

decreasing t1g0 content (flgure 6.4). P2q is very low in all onalgsetl cumulate

rocks (0.00-0.02t'Èt). The extremelg low P2$ contents of the cumulates ln

compañson wlth those of basalts (0.15-0.655w1) suggest that P2S wos

efficientlg transferred to the intercumulus liquid. Similarlg, Tlfh must hove

been concentrated in the intercumulus liquid and hence it should be depleted in

the cumulates. The very low TiQ content of the cumulates is in accord with

such an interpretation. ln addition, the intercumulus liquid in troctolites is

verg low. These rocks are thus adcumulates (Wager and Brown, 1967), formed

bg a process wherebg selective diffusion of appropriate components from the

mûgma to the crystallising olivine and plagioclase operates simultaneouslg

with the removal of the interstitial liquid. The Mg/(l'19+Fe"+) ratios of the

troctolites will therefore be similar to those of the cumulus olivine. The

Hg/(Flg+Feel) ratios of troctolites are from 0.90 to 0.95, slightlg higher than

those of the constituent olivines (0.88-0.9) because serpentinization of olivine

results in the formation of secondary magnetite and hence increases in the

ferric iron content of the rock.

Two anorthosites from Handspike Point show the lowest l1g0 contents

(0.1Ewt) and the hlghest Hzfh ß2ßwü and l{a20 (2Ewt) contents. These rocks

have the lowest TIQ and total lron contents.

The concentrations of chromium and nickel show considerable

variation from the base to the top of the lagered sequence. The Ni content of
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cumulates is high, reaching a maximum of l645ppm in melatroctolites (figure

6.5). lt decreases to l22ppm in the olivine-free gabbros. Crshows a general

increase with increasing I1g0 (figure 6.5). The dispersion of the data reflects

variations in the amount of Cr-spinel and clinopgroxene, the two major phases

accomodating Er, in troctolites, and modal clinopgroxene in the olivine-

gabbros. Anorthosites have the lowest Cr and Ni contents (figure 6.5).

The transition metals scandium and vanadium increase from the base

to the top of the cumulate pile. Sc varies from Tppm to lSppm in troctolites

and V lrom lSppm to 42ppm. ln the olivine-gabbros, Sc and V concentrations

reach a maximum of 46ppm and l40ppm respectivelg. The concentrations of Sc

and V show a positive correlation with Ti (figure 6.6). 5c and V concentrations

increase steadilg from troctolites to olivine-gabbros; the highest

concentrations are observed in the clinopgroxene-rich lominated gabbros.

lntrusive melanocratic lagers in the olivine-gabbros (at Handspike Point) have

similar contents to the olivine-gabbros. The chemical affinitg of both elements

and their intercorrelation (figure 6.7) suggest that Sc and V are mainlg

concentrated in clinopgroxene. Cu and Zn abundances are in the range of 30-

88ppm and l3-46ppm respectivelg in troctolites.0livine-gabbros have higher

Cu (53-l50ppm), but similar Zn (15-47ppm) concentrations.

The hggromagmatophile elements Rb, Nb, Zr, and Y are in extremelg

low concentration levels. Zr and Y correlate in a positive manner with Ti

(figure 6.8); theg increase from troctolites to laminated gabbros.

llelatroctolites and troctolites have the lowest Zr and Y contents (<2ppm),

olivine-gobbros have slightlg but clearlg higher contents, and the mafic

intrusive lagers from Handspike Point intermediate contents. Although the

detected concentrations ôre yeru low and subject to analgtical uncertainties,

Zr and Y show an overall good positive correlation (figure 6.9), suggesting

increases for both elements with increasing modal plagioclase and

clinopgroxene. The abundûnces of Nb and Rb are below lppm.The observed
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concentrations in trace elements are thus c0nsistent with previous inferences

that these rocks are adcumulates containing extremelg low to negligible

amount of intercumulus liquid.

The Sr content of troctolites is very low, a minimum of lppm was

detected in melatroctolites. lt increases with increasing modal plagioclase and

reaches a maximum value of 200ppm in the anorthosites from Handspike Point.

Ea shows a minimum of lppm in melatroctolites and a wide range in

troctolites, from l0ppm to 90ppm, alwags increasing with increasing modal

plagioclase. ln the olivine-gabbros, it varies from lSppm to 55ppm, and shows

no definitive correlation with the amount of plagioclase; an anorthosite

interlagered with the olivine-gabbros at Handspike Point, has onlg Sppm Ea.

6-4 florth llountain hlehrlite

Two wehrlite samples from the North Hountain outcrop are also

plotted in figure 6.3. Theg have high l1g0 content (33.8-34.1ßwt),low CaO (3.6-

45wt) ond low alumlno (6.8-7twt Al2q) contents (rtgure 6.5). ThelrTl02

content is in the rûnge ol 0.29ß-0.21ßwI. Average Hi and Cr contents are

l300ppm and 2380ppm respectivelg. Sc and V concentrations are loyr, less than

l5ppm and 70ppm respectivelg. Hggromagmatophile element abundances Ere

very low; 0n average,Tr is about I lppm, Y is less than Sppm and Nb less than

2ppm.Such low concentrations c0mp6re with those of the cumulate rocks.

6.5 llassiYe Eabbros

Representative samples of massive gabbros from the Upper Level

Gabbro unit, the lsland Lake 6abbr0 exposure, the gabbroic unit to the

northwest of Sandg Bag ( 3|î-gaàhrô, the small gabbro outcrop at North
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llountain, and the smaller exposures of doleritic gabbros along the east coast

were selected for whole rock element analgsis. The stratigraphic position of

the Upper Level Gabbro unit, overlging the lagered rocks and underplating the

dgke swarms, is importtnt because the stratigraphic position of the other

gabbr0ic units is not known. For this reason, the compositional characteristics

0f all other units are related to those of the Upper Level Gabbro.

llajor oxide variation diagrams are shown in figure 6.10; theg

illustrate the compositional trends of the different gabbroic units.0verall,

there ls a poor negatlve correlatlon between l1g0 and Slfl2, H0z0 ond K20. In the

AlztIJ-¡1g0 ond Ea0-1190 plots, there ûre no cleorcut correlrtlons; a p00r

positive correlation is shown bg the lsland Lake gabbros in both diagrams. The

Upper Level Eoþbr0s span the entlre composltlonal rÊnge. Thelr l"lg0, Eo0, Alzk

ond Nq0 contents rûnge from 5.58 to 12.5ßwl, l0t to l7ßwl, 16.55 to

25.2ßwlond 0.15t to SEwt respectlvelg; thelrTlQ content shows a

conslderable range rcJ2-1.42ßwü and thelr P2$ content ls unlformlg low

(0.01-0.05twt). Somple 22lA shows enrlchment ln both Tlfh U.42ßwl) and

PzB (0.59rwt).

Two felsic samples (71 I and 727, form leucocratic segregations in

the Upper Level Gabbro unit at Huggets Point; theg have less than 38wt 1190,

have 2.6ß to 6.2ßwl t{q0 ond KzO O.37F to l. l5wt. A dolerltlc gabbro (somple

726) îrom a minor outcrop on the ecst coast (north of Sandg Bag) is

slgnlflcantlU enrlched ln K20 (0.368wt), Ns20 (5.9Ewt), TIU(l.94Ewt) and

P2q (0.4rwt).

The llg/(l1g+Fe2+) ratio of the gabbros is plottetl against their total

fron and TIQ content ln flgure 6.1 l. There ls o progresslve lncrease of Tl wlth

decreasing t1g/(t1g+Fe2+) in all rock samples. This trend resembles a tgpical

tholeiitic (liquid) trend during fractionation. Advanced differentiation of

th0leiitic mägmas produces rocks with abundant Fe-Ti oxides, such as ferro-

gabbros and ilmenite-gabbros. Such gabbros have been recovered from the ocean
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flooralong the tlid-Atlantic Ridge (Prinz et al., 1976; lligashiro et al., 1970).

The Fe and Ti enrichment trends in the llacquarie lsland massive gabbros are

less pronounced; the two samples from the North llountain exposure show the

highest total iron (l2t0.5twt). ln the AFll diagram of figure 6.2,Ihe massive

gabbros define a trend from l-190-rich compositions towards Fe-rich

compositions with rising alkalies.

Hinor and trace element concentrations yaru grestlg amongst samples

from different localities. The Cr antl Ni contents of the Upper Level 6abbr0s

rËnge from 257qpm to l600ppm and from 80ppm to 290ppm respectivelg. The

Cr and Hi concentrations from all analgsed massive gabbros show a positive

correlation to the l'19/(l1g+pe2+) ratios (figure 6.12'1. The lowest Cr and Hi

contents are observed in a doleritic gabbro (sample 7261; Cr is less than Sppm

and Ni is 37ppm. Sc and V range from 29ppm to 6lppm and from 77ppm to

227ppm respectivelg in the Upper Level Gabbros. The concentrations of Sc and V

increase with increasing Ti-content, and show a good positive correlation

among themselves (figure 6.134). The two alkali-rich and Ti-rich samples

(221^ and 236) have comparable 5c contents with the other gabbros. Figure

6.14 is a Sc-V plot for all massive gabbros. The data points show û p00r

positive correlation. The lowest V concentrations are observed in the

leucocratic samples 7l I and727.

The abundances of hggromagmatophile elements Zr, Y, Nb and Rb are

lower than those in basalts, and higher than those in the cumulate rocks. ln

most gabbros, the Zr-content is usuallg between 4ppm and lSppm, but it
reaches higher concentrations in the Upper Level Gabbros, up to 74ppm (figure

6.138). The Zr content of sample 22lA is l27ppm. The doleritic gabbro (somple

726) has l39ppm Zr. Both Zr antl Y lncrerse wlth increaslng Tllh content (flgure

6.138). Y ranges from 2ppm to l?ppm in most gabbros (figure 6.15). Samples

22lA and 726 have 23ppm and 30ppm V respectivelg. The gabbros from the

Horth Hountain unit have Ëverage Zr and Y concentrations of 56ppm and 26pFm
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respectivelg (figure 6.15).The abundünces of Nb and Rb are usuallu verg low in

all massive gabbros. The Hb contents of the Upper Level Gabbros are less than

2ppm. Similarlg, Rb is alwags limited to less than 3ppm, although a few

altered samples show much higher contents. Two exceptions are notable;

samples 221É- and726 contain 42ppm and 45ppm Nb respectivelg. These rocks

contain minor sphene, where Nb proxies for Ti.

The concentration of Ba in the Upper Level Gabbros varies from 20ppm

to 60ppm; sample 22lA shows a maximum of 73ppm. The Ba content of all other

gabbros is well within the range of Upper Level gabbros; the Ba content of

sample 726 is l2l1pm. Eecause of its large ionic radius cannot replace Ca, but

can be captured in K-bearing phases. 8a shows higher concentrations in the

alkali rich samples. The two felsic segregations from the higher parts of Upper

Level Gabbro have 100-l70ppm 8a; the sample with the highest Ba content

( l70ppm ) hos also the hlghest KzO (l.I ãwt) and 5r (565ppm) contents.

The Sr content of Upper Level Gabbros ranges from I l2ppm to

299ppm. Thr overall range in massive gabbros is from 9l ppm to 3l6ppm.

Samples 7l I and 727 have 365ppm and 394ppm respectivelg. Sr is mostlg

concentrated in plagioclase in the earlg stages of differentiation, but in the

later stages is captured in K-bearing phases, mainlg potash feldspar. ln most

analgsed gabbros, Sr increases with increasing Ëa0 and reaches highest values

ln the plogloclase-ñch rocks whlch hove the hlgher K20 contents 0s well.

The normative mineralogg of the Upper Level Gabbros consists oî 4-

l3ß olivine,2E-57ß anorthite,12-40ß diopside, l-88 hgpersthene, and minor

amounts of magnetite (<2.55) and ilmenite k2.7ßl.Those rocks that are nol Hy

normative, are nepheline normative (l2E Ne). The lsland Lake and 3|í-gahhro

(NW of Sandg Eag) are lþrnormative, whereas the North l'lountain gabbros are

¡fanormalive (2-4ß tVà.The alkali-rich doleritic gabbro (sample 726) has

hgpersthene (7t) and olivine (Eß) in its norm.
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6-6 Discussion

llajor oxide variation diagrams in volcanic rocks can be used

qualitativelg to predict the fractionating minerals and the liquid paths. The

moJor oxldes C60, Al2Q and TIQ of the logered rocks, the masslve g0bbros, the

lavas and the dolerite dgkes from the dgke swarms are plotted against their

HgO contents in figure 6.l6.The trends defined bg the massive gabbros, the

dolerite dgkes and the lavas suggest that their compositions are mainlg

controlleel bg olivine fractionation, although fractionation of plagioclase cËn

not be ruled out. lt is also shown in figure 6.16 that the liquids which produced

the lagered olivine-gabbros flging on the l1g0-poor side of the lagered sequence

arrag) are controlled almost exclusivelg bg olivine fractionation of l1g0-rich

melts. Such a graphical method however is onlg qualitative; eYen so, it
illustrates that the dominant phase controlling the compositions of lavas and

massive gabbros (at least in terms of the oxides concerned) is olivine. lt also

precludes the possibilitg of a crystal extract consisting of either

clinopgroxene 0r clinopgroxene+olivine.

Fractionation in a closed sgstem magmü chamber such as the

Skaergaard intrusion, would result in simple relations between major and

minor element conentrations (trace element concentrations as well). lf magmo

mixing is an important pn¡cess as the mineralogic data suggest (chapter four),

then the differentiation paths of the erupted liquids would be better ascribed

to an open sgstem magma chamber model, such as the Rhum intrusion (Wager

and Erown, lg6?).The concentrations of the major elements as well as those

of the minor elements Hi, Êr and Sr correlate with the proportions of the

constituent minerals, whereas the concentrations of the incompatible elements

Ti and Zr are verg low in oll cumulates. Figure 6.17 shows the stratigraphic

variation of Hi, Ti and Zr in the plutonic rocks. Ni alwags correlates with the

amount of modal olivine. Ti and Zr show no enrichment up-section and are
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maintained at extremelg low contents throughout the lagered sequence. The

abundances of Ti aird Zr increase in the Upper Level Gabbros, but onlg in the

uppermr¡st stratigraphic horizons there are significant enrinchments for both

elements. Fractionation of a single batch of magmâ in a closed sgstem would

result in steadg Ti increases upryards. The up-section Ti variation within the

lagered sequence is not comparable to the trend expected during closed sgstem

fractionation (figure 6.lE). The fractionating assemblage in the m0del

calculations ìras 20t olivine,43ß plagioclase, and 358 clinopgroxene, and the

Ti content of the liquid was calculated from the Tlq content 0f the

clinopgroxene assuming a Kr(c0x-llq) of 0.3 (Pearce and Norry, 1979)-

Fractionation of olivine alone cannot reproduce the observed trend either. The

observed Ti trend of the lagered rocks suggests that crystal fractionation and

magmË mixing are the predominant processes; crystal fractionation of a single

batch of magma in a closed sgstem is ruled out. Repeated replenishment and

magma mixing with liquids alreadg undergoing crystal fractionation in an open

sgstem magma reservoir is more consistent with the present data than crystal

fractionation processes of a single batch of magma in a closed (in both time

and space) sgstem.
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CHAPTER SEVEI : BASALTS AID D0LERITE DYKES

This chapter reviews the previous works of llawson (1943), Varne

and Rubenach (1972ì, Griffin and Varne (19E0), Cameron et al. (1980), and

Griffin (1982) on the mineralogg, metamorphlsm and geochemistry of

basalts and dolerite dgkes" Arlditional data have been collected during the

course of this studg in order to complement the existing data set. Selected

samples from the dolerite dgkes have been analgsed for major and trace

elements. Theg were chosen on the basis of their position in the crustal

section. Thirtg basalt samples from the collection of the Geologg

Department, Universitg of Tasmania, tyere run 0n the Siemens" SRS- |

spectrometer of the Geologg Department at Adelaide Universitg. The

analgtical results showed good consistencg between the two laboratories.

Ths trace element concentrations given in Griffin (1982) are used in the

following discussion; the rerson for such a preference wts to utilize all the

trace element dato on lavas and dgkas obtained from one laboratory onlg.

The abundances of scandium, yanadium and titanium (on pressed pellets) in

basalts haye also been determined at Adelaide Universitg using the

techniques described in appendix 2.

7-l ninsrûlogu

The petrogrûphg of the lavas and dolerite dgkes has been described

bg llawson (1943), Varne and Rubenach ( 1972r, and Cameron et al. ( | 980).

Both basalts and dolerite dgkes show a continuous gradatlon from

porhgritic to aphgric tgpes. The basalts also show a runge from crystalline

to glassg. The dolerite dgkes are coarser than the basalts and have ophitic

textures. The textures of the basalts rûnge from ophitic and subvariolitic.

Griffin (1982) distinguished two groups of bosalts on the basis of their
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petrographg; one showing tholeiitic variants and a second with alkalic

variants. The first group is characterised bg subhedral plagioclase laths,

augite displaging purplish rims, some skeletal titanomagnetite and

interstitial glass ponds. The second group is distinguished bg the occurence

of purplish titanaugites, phenocrystal and groundmass olivine and skeletal

ilmenite- titanomagnetite. Easalts showing alkalic variants dominate the

central part of the island. ln the southern part of the island, the basalts are

mainlg tholeiitic (6riffin, loc.cit.).

The most common phenocrgst phase is plagioclase ranging in

composltlon from A167 to An7s (Erlffln and Vorne, l9E0). Csmeron et ol.

(1980) reported plogloclase phenocryst composltlons of Arç-7s. Phenocryst

rlms and groundmoss crystols are olwags more sodlc (Arqs{J than the

phenocryst cores.0llvlne (Fo6-se) ontl cllnopgroxene (EnsWo45Fs5 -

EhgW+3BFs12) olso sppear as phenocrust phases, but ln lesser amounts

(Griffin and Varne, l9E0). Occasionallg, ting spherical glass inclusions Ere

present in the olivine phenocrysts. Reddish-brown Cr-spinel, Cr/(Cr+Al) <50,

is occasionallg present as phenocryst as well. lt is more frequent in the

alkalic basalts and occurs os inclusions in either plagioclase or olivine

phenocrysts.

The llacquarie lsland basalts and dolerite dgkes show similar

textures and have comparable mineral chemistry t0 ocean floor basalts from

the ltid-Atlantic Ridge sgstem (Migashiro et al., 1969a and 1970; Eryan et

al., 1976; Rhodes et al., 1979; Eryan et al., 1979a and I 979b; Shibata et al.,

1979a).

?-2 lletamomhism

The metamorphism of basolts and dolerites was describetl bg

Varne and Rubenach (197n and Griffin and Varne (1980). The first studg on
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this subject was presented bg Varne and Rubenach (loc.cit.). Theg

distinguished two major groups. 0ne showing development of greenschist

and lower amphibolite facies assemblages and a second group showing onlg

limited alteration, smectite weathering. Lower greenschist facies

assemblages dominate in the southern block of the island and along the west

coast from Langdon Pt. to Sandell Bag area. The observed lower greenschist

facies paragenesis is, chlorite + albite + sphene + epidote + K-feldsÞar +

sericite. The chlorite Fe0/1190 ratio increases with increasing depth and

reaches the highest values in those samples containing epidote and

actinolite. Zeolite facies assemblages Ere common in the central part of the

island and the east coast. The lavas around Pgramitl Peak and Green 6orge

show tgpical zeolite facies alteration. The metamorphic assemblage

consists of Na,Ca,K zeolites + smectites + carbonate + sericite + chlorite.

The highest grades occur around Caroline Cove (6riffin, l9E2).

Upper greenschist to amphibolite facies assemblages sre found in

dolerites from the dgke swûrm complex exposed at Eadgets Gullg (Varne and

Rubenach, 1972). Pgroxene is replaced bg actinolite. Plagioclase is

relativelg unaltered, although development of chlorite in cracks took Place.

Sphene rims titanomagnetite. An Fe-rich amphibole, ferroactinolite-

hornblende, üFpears in higher grades. ln the dgke swarm to the southeast of

llt. Blair, the metamorphic assemblage is hornblende + chlorils + plagioclase

+ opsques (Varne and Rubenach, loc.cit.).

Pillow basolts from the l{orth Head exposure are affected bg 0ce6n

floor weathering (or low grade sub-zeolite facies alteration) according to

Griffin (l912r.0livine alteration is pervasive. ln holocrystalline rocks,

olivine is replaced bg gellow - orãnge smectites and calcite whereas

plagioclase remains unaltered. lnterstitiol glass alters to smectite and

carüonate. ln hgaloclastites, the glassg rims around pillows are replacetl bg

palagonite.
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The uppermost boundary of zeolite development occured at a depth

of 300 m to 500 m and temperatures of more than 40pC. The lowermost

boundary is placed at about 23úC.The greenschist facies assemblages

indicate a minimum temperature of 23@C and a maximum of 30@C. A

preliminary metamorphic map of Hacquarie lsland can be found in Varne and

Rubenach (loc.cit.), and a more recent in 6riffin (loc.cit.). The least altered

lavas from North Head represent the uppermost part of the volcanic

sequence. The increasing metamorphic grade from zeolite to lower

greenschist facies in the rest of the island indicates deeper positions in the

volcanic pile. Lavas from the west coast and southern block of the island

represent the stratigraphicallg deepest lavas in the volcanic sequence.

7.3 Eeochemistrg

The whole rock chemistry of basalts and dolerite dgkes was

presented in detail elsewhere (Varne and Rubenach, 1972;Entfin and Varne,

l9E0). Hew data on the scandium and vanadium concentrations of both

basalts and dolerites are presented here. ln addition, fifteen samples of

selected dolerite dgkes have been analgsed for major and trace elements.

These samples were chosen on the basis of their host lithologg; theg include

dgkes crosscutting harzburgite, lagered troctolites and gabbros, and

massive gabbros from the Upper Level Gabbro unit.

Both basalts and dolerites grade from OI- and Hg-normative to

¡tþ.tormative; 4trormative rocks are rare. Griffin and Varne ( l9E0) pointed

out that the nonrot iue tnons it ion fnor ûl- ond 'å!- beon ing to ¡lh-

beqning nocks cor.nesponds rith the oppeoronce of gnoundroEs ol iuine

ond t itonougite'. Their llg/(Hg+fe) ratios range from 0.51 to O.72. Varne

and Rubenach (loc.cit.) and Griffin and Varne (loc.cit.) have emploged
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discriminant plots to elaborate their chemical characteristics. Based on the

concentrations of the incompatible elements (Ti, Zr, Y and Nb) theg inferred

that most of the basalts and dolerites are geochemicallg similar to ocean-

floor basalts. Those basalts that plot outside the ocean-floor basalt field

are rlÞnormative, and have high Nb contents, low ZrlNb and Y/Nb ratios, and

relativelg low Ti/Zr ratios.

The Sc and V abundances of dolerites range from 25 ppm to 44 ppm

and from 148 ppm to 395 ppm respectivelg. When the two elements are

plotted against each other, theg show a good positive correlation (figure

7.1)- FigureT-2is a plot of the l1g/(l{g+Fe?+) ratio against the Feot (total

iron) content of dolerite dgkes. The five groups shown intigureT.2

represent dolerite dgkes crosscutting harzburgite, lagered rocks, massive

gabbros, pillow lavas and also dolerites from the dgke swsrm complex.

Total iron increases with decreasing l1g/(l{g+Fe"}). ln the l1g/(I1g+FeE+)

against TiQ diagram (olso shown ln flgure 7.2), the Ti-content lncreases

with decreasing l1g/(Mg+pez+). ln both plots, there is no grouping of the

samples according to their host lithologg. The compatible elements Cr and

Ni correlate in a positive manner (figure 7.3). The abundances of the

incompatible trace elements 7r,1, and Hb are plotted in figure7.4; Zr and Nb

show a positive correlation in samples with Î{b contents of less than 30

ppm, whereas the not so well constrained positive correlation in the Zr-Y

plot is continuous. All these diagrams demonstrate that dolerite dgkes from

distinctlg different stratigraphic units do not define separate clusters. lt

is inferred that dolerite dgkes from the dgke s!fiËrms and those crosscutting

pillow lavas are neither mgre nor less differentiated than those

crosscutting harzburgites and cumulate rocks. Furthermore, the

differentiated or not character of each dolerite dgke is independent of its

stratigraphic position in the crustal sequence.
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The abundances of vanadium and scandium in basalts are in the

range of l4l -327 ppm and 24-40 ppm respectivelg. Figure 7.5 is a Sc-V plot

and shows a general positive correlation between the abundances of these

two elements. The abundances of the other transition metals Ni, Êr, C0 show

tgpical tl0RB rãnges, from 52 ppm lo3O2 ppm, from 103 ppm to 663 ppm,

and from 30 ppm lo 49 ppm respectivelg. The incompatible elements 7r,1,

Nb are immobile during low temperature sub-sea floor hgdrothermal

alteration (Pearce and Cann, 1973). The ranges of the Zr, Y and Hb

concentrations are32- 163 ppm, I l-45 ppm and l-73 ppm respectivelg

(after Griffin l912r. A summary of selected major oxide and trace element

variations is presented graphicallg in figures 7.6A and 7.6Ê. The lavas are

divided into two groups. The first group comprises the central island

volcanics (Green Gorge, Aurora Pt., North Head) which are mainlg alkalic, and

the second the southern island volcanics (llawson Pt., Hurd Pt., Caroline

Eove) whlch are malnlg tholelltlc ln character. The varlatlons 0f TlB2 wlth

PeÈ, Zr wlth Tlq snd T, and Nb wlth Tl and Zr show the conslstentlg

enriched character of the alkalic basalts relative to the tholeiitic basalts.

The elemental ratios of the determined incompatible elements from

representative basalts and dolerites are given in table 7.1.

Varne and Rubenach (1972'l first noted on the spatial distribution

of the tholeiitic lavas (their'tgpical ocean-floor basalt') and alkalic lavas

(their'unlike tgpical ocean-floor basalt'). The first group represents the

volcanics of the central island mainlg around Green 6orge and to the south

of Erothers Pt.; alkalic basalts also occur at North Head. The second group

consists of the lavas exposed at the southern part of the island, from

Lucitania Eag to Hurd Pt. and around Caroline Cove.

The discriminant diagrams emploged bg 6riffin and Varne ( l9E0)

utilized the concentrations of the trace elements Ti, Zr, V, Nb and Sr

(following Pearce and Cann, 1973). tlajor elements have also been used t0
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distinguish the petrotectonic environment of basaltic volcanics (Pearce et

al., 1975; Peorce et al., 1977; llullen, l9E5). The Tiq-Hnfl-P2S tern0rg

diagram developed bg tlullen (1983) is the most useful, because it

discriminates successfullg ômong three tectonic settings, oceanic islands,

mid-ocean ridges and island arcs, and does not suffer the drawbacks of the

other major element discriminating plots. Ti is immobile during alteration

alteration processes. I1n0 and P2$ contents are found t0 change

insignificantlg during low temperature alteration; even in spilitized

basaltic rocks, the t1n0 antl P2$ contents are not largerlg changed. The TiQ,

l1n0 antl P2g compositions of llacquorie lsland bosolts ond doleñtes are

plotted tn the Tlq-ltn0-Pz$ ternarg (flgure 7.7). The flelds 0f l10RE, oceûn

island tholeiites (0lT), ocean island alkalic basalts (0lA), island arc

tholeiites (lAT) and calc-alkaline basalts (CAB) are also shown. The

llacquarie lsland rocks form a cluster in the centre of the diagram plotting

in the l'10R8, IAT and UIT-OIA fields. This cluster shows a general trend

from the l10RB field to the ocean island fieltl.

Earlg olivine fractionation in l{0REs remoyes lln0, and subsequent

ol I vi ne+pl ogi ocl ase+cli nopuroxene frocti onoti on removes l1n0 and Ti Q f orm

the initial melt. The fractionated melts will therefore show depletion in

l1n0 and TlO2, and a relatlve enrichment of TiQ with respect to 11n0, while

P2g remains unchanged; P2g wilì chonge much later due to fractionation

of P-beorlng phases. Tltanomagnetite froctionation occurs at high JQ 8nd

remoyes more TiQ thon 11n0. The resulting trend with fractionotion in

tslond Ërc mËgmas wlll be relative enrichment of l1n0 wlth respect to TlQ.

oceanic island basalts, in particular the subalkaline, follow the l10RB trend

during fracilonatlon, but their higher P2$ contents con onlg be related t0

small degrees of partial melting and source composition characteristics.

The trend of the llacquarie lsland data from the ll0RB field to the 0lA field

cannot be accomodated bg models invoking crystal fractionation of the
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c0nstituent phases of cumulEtes. The high Hg/(llg*Fe) ratios and the high

Tlq and P2g contents of the oltcallc bûsalts must therefore reflect varylng

degrees of partial melting, preferablg small.

Geochemical Characteristics

The l'lacquarie lsland tholeiitic basalts form a group with tgpical

-depleted'characteristics like the N-tgpe I'I0RB from normal segments (Sun

et al., 1979), with normative OÌ+Hü low Ti-contents and low

concentrations of incompatible elements (in particular Zr and t{b). The

l'lacquarie lsland alkalic basalts are ¡lþtormative with incompatible

element enrichments, low ZrlNb ratios x3.5, and compare with the

'enriched' (P-tupe) or'transitional' ff-tgpe) 1'10REs (table 7'2).

The range of incompatible element abundances and the range of

Til1r,ZrlNb and Y/Hb ratios are the result of partial melting and fractional

crgstallisation processes. lncompatible element ratios are known to be

insensitive to fractional crystallisation. The lagered troctolites consist

mainlg of olivine and plagioclase and their Zr, Y and Hb contents are

extremelg low (chapter 6). Even though major element concentrations can be

accounted for bg olivinetplagioclase tclinopgroxene fractionati0n as

suggested bg least squsres mixing calculations emploging the compositions

of the minerals in the cumulates (table 7.3), incompatible element

concentrations tell a different story. Extensive olivine (tplagioclase)

fractionation from the most primitive basalts would not change the

incompatible element concentrations significantlg (see also chapter 9,

section 9.4); moreover, the obseryed variation of the incompatible element

ratios of basalts cannot be accounted for bg olivine (tplagioclase t
clinopgroxene) fractionation. Some of the basalts listed in table 7.1 are the

least differentiated, having the highest l'19/(l1g+Fe) ratios' and therefore
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theg must have experienced the minimum amount of olivine fractionation.

Easalts with such high l1g/(t1g+¡e) ratios could represent near primüru 0r

relativelg undifferentiated melts; for example basalt 38288 with

t1g/(Hg+pe) ot 0.12 has ZrlNb and Y/t{b ratios ot 2.6 and 0.78 respectivelg,

and basalt 38188 with l'1g/(Hg+fe) ratio ot 0.74 has ZrlNb and Y/l{b ratios

ol 2.8 and 0.9 respectivelg. The ZrlNb, Y/Nb and TilZr ratios of some

basalts are eyen lower than chondritic (table 7.2). Such low TrlH.b and Y/Nb

ratios are unlike those of tgpical depleted l1OREs from normal segments,

which are characterised bg significantlg higher ZrlNb ratios; N-tgpe MORBs

from the American- Antarctic Ridge have ZrlNb ratios in the rsnge of l7-78

and from the Southwest lndian Ridge l7-64 (table 7.2). The llacquarie

lsland basalts and dolerites are more likelg the enriched l1ORBs from

transitional segments, and some of them eyen compare with l1ORBs from

plume-tgpe segments such as Eouvet and Azores. lt is therefore clear that

the considerable variations in the elemental ratios of the incompatibles

have not been caused bg olivine and plagioclase fractionation. Theg could

reflect source region heterogeneities. Alternativelg, low to very low

degrees of partial melting can be invoked to explain the incompatible

element concentrations of the alkalic basalts.

Low degrees of partial melting (small to very small) can cause

sgstematic variations in the incompatible element contents and ratios if
garnet or clinopgroxene are residual phrses (Pearce and Norry, 1979;

Shibata et al., 1979b). Complex melting episodes such as'dgnamic melting'

can also modifg significantlg the elemental ratios of incompatible elements

( Langmuiret al., 1977). LeRoex et al. (l9El) found that the degree of partial

melting can ôccount for some of the observed variation within a particular

group of basalts. The wide variation in Ti/Zr (52- | l9) antl Y/Nb (0.35- l5)

ratios, and the continuous compositional rËnge of the Hacquarie lsland

basalts, as well as their much lower than Bulk Earth Tilãr ond ZrlNb ratios
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suggest that moderate to large degrees of partial melting of a depleted

source commonlg favoured forIl0RBs (eg. tlalpas, 1978; Green et al., 1979)

is not a viable mechanism for generating the observed compositional

characteristics of the llacquarie lsland basalts (in particular those of the

alkalic basalts); these features can be assigned to one of the following

processes, complex partial melting processes, verg small to moderate

increments of melts of a homogeneous source but with varying residual

mineralogg and varying percentages of retained melt in the residue, and

finallg to melting of a heterogeneous source. The ratios of radiogenic

isotopes however will not change during these processes and will reflect

these ratios in the source (Hofmann and Hart, 1978).The concept of mantle

heterogeneitg has gained considerable attention and support latelg; it is

however mainlg supported bg isotopic data (eg. Sun et al., 1979; Wood, 1979;

leRoex et al., l9E5). This source heterogeneitg is normallg accounted for bg

a'depleted'and an'enriched- component. Griffin (1982) arrived at a

broadlg similar conclusion for the tholeiitic and alkalic basalts of

Ìlacquarie lsland based on their ZrlNb and La/Sm ratios. lsotopic data are

required to evaluate the different sources of basalts.

The effects of metamorphism on the abundances of the

incompatible elements fl'i, Zr,Y, Nb and LREE) are known to be very limited

(Pearce and Norry, 1979). A few REE data have been obtained bg Griffin

UgBÐ for a group of selected basalts and dolerites, whose ZrlNb ratios

span the entire compositi0n range, and have been metamorphosed from

greenschist facies to sub-zeolite facies. Samples metamorphosed to

greenschist facies conditions have lower La/Sm and La/Yb ratios than those

suffered zeolite facies alteration. The highest La/Sm ratios are observed in

the least altered samples, affected bg ocean floor alteration onlg. LREE

show good positive correlations with Zr and Nb suggesting that the REE

concentrations are a primarg characteristic rather than an alteration effect-
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The (La/Smþ rotlos of the llacquañe lsland basalts whlch have þeen

affected bg lower greenschist facies alteration range from 0.86 to 1.56;

dolerites metamorphosed to lower upper grenschist facies have similar

ratios. The least altered samples, affected bg ocean floor alteration, show

(La/Smþ ratios ln the rËnge ol 2.56-4.82.

Schilling et al. (1983) presented a comprehensive review on the

geochemistry of llid-Atlantic Ridge (l'lAR) bastlts. Theg noted the

sgstematic variation in both major and trace elements of l{AR basalts with

latitude; the enrichments in incompatible elements and radiogenic isot0pes

in basalts from the Azores and Jon llagen regions. N-tgpe basalts from llAR

have (La/Smb rotlos of less than 0.7,T-tupe basalts from 0.7 t0 l.E ond

enriched P-tgpe basalts (Azores plateau, Jan llagen fracture zlne,

Oceonographer frocture zone) more than l.E. The hlgh (Lo/Smþ ratlos of

the l{acquarie lsland alkalic lavas comptre onlg with the hot spot

influenced volcanics of t1AR.

The abundances of the transition metals Hi, Cr, Sc, Ti, V have als0

been determined with sufficient accurrcg bg XRF methods. Because these

catlons are usuallg immobile during alteration (Shervais, l9E2 and

references therein), their abundances are indicative of the extent of partial

melting and crystal fractionation processes. Titanium (Ti4+) is a HFS cation

with small radius/charge ratio and very small crystal/liquid partition

coefficients for most ferromagnesian minerals and feldspars (Saunders et

al., l9S0). The other transition metals hrve similar geochemistry (similar

ionic radii and similar charges) and occur in octahedrallg coordinated sites,

thus behaving as compatible elements. Vanadium occurs in three valence

states and VJ+. Vs+ has similar ionic radius and radius/charge

ratio with Crã+ and Ft3+, thus substituting for these trivalent cations in

clinopgroxene and spinel. The oxidised cations Va+ and Vs+ behave similarlg

to Ti'l+. At low fQ, Fe-Wil buffer, vonotllum occurs molnlg Ës V5+, whlle at



7.12

hlgher lùzQltrs otm) the predomlnont catlon ls elther V{+ or Vã+. Eecause

of the different geochemistry of the titanium and vanadium, the

incompatible character of Ti4+ and the dependence of the vanadium cation

valence on the oxldatlon state qk) of the sgstem, Tl-V dlagroms con be

used to distinguish among volcanic suites from different tectonic settings,

mid-oceanic ridges, island Ercs, back arc basins, etc. (Shervais, 1982), and

also to test the crystal fractionation effects in the concentrations of Ti and

V under low fQ conditions. Flgure 7.8 shows the voriation of Ti contents

with those of V for the llacquarie lsland basalts. Constant Ti/V ratio trends

are also shown. The llacquarie lsland basalts have Ti/V ratios between 25

and 55. l1ORBs have Ti/V ratios of 20-50, irrespective of being l{-tgpe, T-

tgpe or P-tgpe. Arc-tholeiites from mature island arcs have Ti/V ratios of

less than 20.

The concentrations of V and Ti in the llacquarie lsland cumulates,

massive gabbros, basalts and dolerites are plotted in figure 7.9. The trend

defined in the logarithmic plot (figure 7.98) between cumulates and

dolerites -tholeiitic basalts suggests a genetic relationship (Ilontigng et

al., 1973). Fractionation of olivine plus plagioclase (troctolite

accumulation) would result in the trend (a) of figure 7.94. This trend has

been calculated from the Ragleigh fractionation equation, E¡¡=Eo*1(Þl)

where C¡¡ ls the concentratlon of an element ln the llquid, Co ls the original

concentration of the element in the melt, D is the bulk rlistribution

coefficient for this element and I is the fraction of liquid remaining after

crgstallisation (Shaw, I 970), adopting the mineral/melt distribution

coefficients of Shervais (1982). The fractionation trend (a) almost parallels

a constant Ti/V ratio (s29), line (c) in figure 7.94. Easalts and dolerites

with intermediate V and Ti contents (155-230 ppm V and 5000-7000 ppm

Ti) can be derived from an initial melt having 140 ppm V and 4000ppm Ti bg

lO-40ß olivine plus plagioclase segregation. Higher V and Ti concentrations
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can be produced bg gabbroic fractionation, trend (b) in figure 7.94. Trend (Þ)

has also been caìculated from the Ragleigh fracti0n0ti0n equation for a

gabbroic extract consisting of 158 olivine + 258 clinopgroxene + 708

plagioclase, veru similar to the average mineral mode of the ìagered rocks.

Trend (b) has been calculated for initial V and Ti concentrations of 200 ppm

and 6000 ppm respectivelg. Both trends, (a) and (b), can account for the Ti

and V contents of the tholeiitic basalts and dolerite dgkes bg either olivine

+ plagioclôse 0r olivine +plagioclase +clinopgroxene fractionation. The

alkalic basalts define a different trend, trend (d) of figure 7.94. Such a

trend is not consistent with olivine tplagioclase tclinopgroxene

fractionation models, which dictate constantlg increasing Ti and V contents

from the initial (primaru) melt values. Trend (d) can be onlg accounted for

bg r?7 variable degrees of partial melting of a relativelg homogeneous

source (uniform TilV ratios), t'ii) a source with different initial lilV ratios

and {iii) a combination of Û) and fii)
ln summarg, the dolerite dgkes are more differentiated than the

basalts, and the chemical character of each dolerite (primitive/evolved)

does not correlate with its stratigraphic position. llajor element

concentrations of both basalts and dolerites show oltplagtcpx control. ln

particular, the major element and compatible trace element contents of the

tholeiitic basolts are controlled bg oltplagtcpx fractionation; the

proportions of the fractionating minerals are identical to the modal amount

of these minerals in the cumulates. The geochemistry of the tholeiitic

basalts, mainlg their trace element concentrations, c0mp6res with that of

the 'normal' l'10REs, whereas the geochemical feotures of the alkalic

basalts are onlg comparable with those of the 'enriched'l'10RBs from

transitional or plume tgpe segments. lsotopic data are needed to verifg the

sources and partial melting processes of the tholeiitic and alkalic basalts.
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CHAPTER EIGHT : CRYSTALLISATION MODELS

8.1 lhtroduction

This chapter discusses the conditions of crystallisation of

the Macquarie lsland plutonic rocks. The first part is an outline of

subsolidus equilibria with particular emphasis on the Fe-Mg

partitioning between spinel and olivine. Applications of the methods

for estimating equilibration.temperatures are discussed and tested. ln

the second part, a detailed assessment of mineral-melt equilibria is

presented. Crystallisation models are examined in the third part.

Finally, parental liquid compositions are assessed and liquid lines of

descent for possible parental liquids are calculated.

8.2 Geothermometrv and subsolidus equilibria

The exchange of cations among coexisting minerals has been

a popular method in calibrating crystallisation temperatures for the

minerals concerned. Two of the best studied geothermometric methods

are the olivine - spinel geothermometer and the pyroxene solid

solutions. These two methods showed the most consistent results on

application to Macquarie lsland data, and are described in detail in this

section. The plagioclase-liquid thermometer on the other hand showed

considerable deviations from the results obtained by the previous two

methods. For this reason, there is no discussion on the plagioclase-

liquid thermometry methods.
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8.2.1 The olivine-spinel geothermometer

The exchange of Mg and Fe2+ between coexisting

(Mg,Fe2*)2S¡O4 olivine and (Mg,psz+)(Al,Cr,Fe3*)2Oa spinel is expressed

by the distribution coefficient K\S(ol-sp,D) where K\S(ol-sp,D) = \F(

(xMs)ol . (X¡s2+)sp, (Xp.2+)ol . (xMs)sp) (8.1),

where Xlt i. the mole fraction of component i in phase k. lrvine (1965)

pointed out that the Fe2* - Mg partitioning between olivine and spinel is

also a function of the trivalent cation content of spinel. He considered

the effect of the trivalent cations on the distribution coefficient Ko,

assuming ideal solid solution of Fe2* and Mg in both olivine and spinel,

and derived the following expression,

lnKp = lnK"+ tå? lnK6 + t13.. ' lnK. (8'2),

where Ysp is the mole fractions of trivalent cations in spinel.

Equation (8.2) shows the dependence of Ke on the equilibrium constants

K¿, K5, and K. of the following reactions,

Fe2SiO4 + 2MgAl2Oa ->

MgCr2Oa + FeAl2Oa >

MgFe2Oa + FeAl2Oa ->

Jackson (1969) utilised the equations produced by lrvine

(1965) and the then available thermochemical data to calibrate the

thermometric expression 8.3 (table 8.2). Although equation 8.3

produced geologically acceptable temperatures for the Stillwater

complex, in the case of the Kilauea volcanics the calculated

temperatures were in excess of 2000oC (Evans and Wright, 1972).
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Medaris (1975) and Evans and Frost (1975) studied the

applicability of the lrvine-Jackson modelling in metamorphosed

ultramafic rocks and found a linear relation between lnKp and 4?
Evans and Frost (1975) assigned a value of 0.05 in the Ylf ratio and

then normalised the Ke to a ferric free basis according to the

relatio nsh ip:

tng=lnKe-oY¿? (8.4),

where the coefficient 4 is the value of lnK. (lrvine, 1965). The end-

member chromite {FeCr2Oa} is a very important component of natural

spinels, but determinations of its free energy values show considerable

variation (Roeder et al., 1979). Roeder et al. (1979) suggested that the

value of the lnK. is closer to 2 at 1200oC. ln the following calculations

the latter value is preferred, because it is constrained by a better set

of free energy of formation values for spinel end-members and

especially for chromite. Therefore, the normalised lnb is given by the

equation,

ln{o=lnKe-2Y:? (8.4a).

Fujii (1978) produced experimental data for olivine-spinel

pairs for temperatures in the range of 1200oC - 1350oC and pressures

of 1 atm-15 kbars. He derived the thermometric relation 8.5 (table 8.2).

His thermometer appears to f¡t best peridotites.

Fabries (1979) attempted an empirical calibration of the

olivine - spinel thermometer for peridotitic rocks. He derived

expression 8.6 (table 8.2).

Roeder et al. (1979, 1980) re-evaluated the geothermometer

on the basis of new experimental and thermodynamic data. They
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emphasized the inconsistencies of the thermodynamic data,

particularly the different free energy (AG) values of the spinel group

end-members. Their experimental results suggest that olivine and

spinel continue to re-equilibrate to temperatures as low as 500oC. The

revised geothermometer is expressed by equation 8.7 (table 8.2).

Lehmann (1983) criticized the weaknesses of the previous

geothermometers, in particular the assumptions on the ideality of solid

solutions for both olivine and spinel. He considered the deviations from

ideality by using the olivine solid solution model of Nafziger and Muan

(1967), and the spinel solid solution model of Vannier (1977). He

utilized the following reactions for expressing the Fe2*-Mg partitioning

between olivine and spinel,

Mg2SiOa + ZFeCr2Oa >

Mg2SiOa + 2FeAl2O 4 --> Fe2SiOa + 2MgAl2Oa (e)

and the following two spinel solid solutions,

FeFe2Oa + MgCr2O 4 --> FeCr2Oa + MgFe2O+ (f )

FeCr2Oa + MgAl2O 4 --> FeAl2Oa + MgCr2O+ (g)

and produced two thermometric relations, (8.8) and (8.9), where R is

the gas constant (1.987 cal .K. mol-1), AGI and ÂG2 refer to reactions

(f) and (g) respectively, ÂG3 = -(AG1+ÂG2), [Mg] is the mole fraction of

Mg in the phase concerned, and p is the pressure in kbar.

Figure g.1 is a plot of normalized 
'n6 

(calculated from

equation 8.4a) against the Gr/(Cr+Al+Fe3*) ratios of spinels from

troctolite mineral pairs. The 700oC and 1200oC isotherms of Evans and

Frost (loc. cit.) and Roeder et al. (1979) are also plotted. Two groups

are distinguished, one showing high normalized distribution

coefficients and another with lower normalized ,i. The first group

defines a low temperature trend which approximates the 700oC
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isotherm of Roeder et al. (loc. cit.), while the latter defines a higher

temperature trend. Both olivine and spinel compositions represent

core analyses. The high normalized distribution coefficient group

represents spinels included in olivine; the olivine composition was

obtained at least 200 microns away from the spinel crystal boundary.
*

The low ln$ group represents spinels included in plagioclase; the

olivine composition, which was employed in the calculations, was

measured at a distance of not less than 300¡rm from the spinel

crystals. The much higher normalized distribution coefficients of the

first group at similar. Yta? indicate that spinels included in olivines

have re-equilibrated at significantly lower temperatures than the

spinels occuring as inclusions in large plagioclases. A third group is

also shown. lt represents "isolated" spinels lying at the crystal

boundaries of much larger olivines and plagioclases. The data from the

third group are transitional to the previous groups, and span almost the

entire range from the high to the low ln$ grouPs.

Temperature estimates from representative olivine-spinel

pairs in troctolites are presented in table 8.1a. Gore spinel

compositions were used in the following calculations. The olivine

composition was the average of several analyses obtained at a distance

of more than 200 ¡rm from the spinel crystals. The calculated

temperatures from the most magnesian spinels (Mg/(Mg+Fe2*) > 0.60)

are in the range 101Oo-1251oC according to equation 8.7 (Roeder et al.,

1979). The calculated temperatures for similar olivine composition and

less magnesian spinels (spinel 100.Mgi(Mg+Fez*) = 43.5-44.5\ range

from 626oC lo 722oC. Temperatures estimated from the expression of

Jackson (loc. cit.) are too high (14000-1669oC) to be considered

realistic. The geothermometers of Fujii (loc. cit.) and Fabries (loc. cit.)
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give temperatures which differ t100oC from those estimated from

equation 8.7. Equation (8.8) gives temperatures between 1165o and

1259oC for the magnesian spinels (Mg/(Mg+Fe2') > 0.60), whereas

equation 8.9 gives considerably lower temperatures, 700o-740oC, for

similar spinel compositions. The temperature range estimated from

equation (8.9) for the majority of spinel compositions is 6400-725oC.

Coexisting olivine-spinel pairs in the intrusive layers at Handspike

Point, indicate temperatures of 730o-766oC according to equation 8.7.

Calculated equilibration temperatures for harzburgites are

listed in table 8.1b. Temperatures range from 669oC to 914oC (using

equation 8.7). Lehmann's equations 8.8 and 8.9 (table 8.2) give

temperatures in the range of 962oC -1121oC and 597oC -630oC

respectively. Estimated temperatures from the expressions of Fujii

(loc. cit.) and Fabries (loc. cit.) are also subsolidus (table B.1b). Olivine

- spinel pairs from the North Mountain wehrlite indicate much higher

equilibration temperatures, 1129o-1355oC (estimated from equation

8.7). When the composition of the larger spinel crystals is employed in

the calculations, the temperature range is between 1210o and 1287oC.

Coexisting olivine (Foaz-ss) and spinel (mg#>64) phenocrysts from the

glasses indicate temperatures of 1225c-12350C, very similar to those

obtained from olivine-spinel pairs from the troctolites.

These results indicate that spinel included in olivine

exchanged Fe2* and Mg with the host mineral down to very low

temperatures. Spinels included in plagioclase are more magnesian than

those included in olivine, because the diffusion of both Fez+ and Mg to

plagioclase is very limited. These included spinels are thought to be of

magmatic origin and hence the calculated temperatures from such

spinels and the average olivine composition are high. lt is argued that

such temperatures could reflect original crystallisation temperatures,
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possibly in the range of 11650-1259oC. lt is therefore clear that the

use of the olivine-spinel geothermometer is only suitable for

calibrating initial crystallisation temperatures when subsolidus

diffusional Fe-Mg exchange between spinel and olivine is prevented.

When this is not the case, such Fe-Mg exchange can provide information

on the cooling history of the rocks.

8.2.2 Olivine - Spinel Geospeedometry

Recent studies on tectonite peridotites (Ozawa, 1983),

spinel-lherzolite xenoliths (Takahashi, 1980; Smith and Roden, 1981)

and ultramafic cumulates (Wilson, 1982) have emphasized the chemical

heterogeneity of constituent minerals and the discrepancies in the

estimated temperatures from different geothermometers. The

development of zoning patterns between ferromagnesian silicate

phases and included chromite was also emphasized.

The Maqcuarie lsland cumulate troctolites represent rocks

which underwent slow cooling over a period of time. The

intercrystalline cationic exchange between olivine and spinel during

such continuous cooling is a function of the diffusion rates of Fe2+ and

Mg. Diffusion is expres.eil Oy Fick's law, (si),. = -D' '#, which states

that the rate of flow per unit time in a direction x, (si)r, is proportional

to the concentration gradient per unit surface in that direction (ðci/ôx)

(Carmichael et al., 1974). Di is the diffusion coefficient of component i

in the concerned phase. The diffusion coefficient is strongly dependent

on temperature; its variation with temperature is represented by an

Arrhenius type equation,
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-o
Di = D^.exp; (cmz.sec-1), where Do is a frequency constant, Q isv 'Kl

the activation energy (eV) and k is Boltzmann's constant. The Fe2+-Mg

diffusion between olivine and spinel depends on the values of the

diffusion coefficients for Fe2* and Mg and the equilibrium boundary

compositions; according to the conservation of matter, elemental

fluxes between olivine and spinel at the crystal boundaries must be

equal,

(Di)or *= (Di)"p *
where (Di)ol and (Di).p are the diffusion coefficients of element i in

olivine and spinel respectively. Ozawa (1984) assumed a spherical

spinel core and a semi-infinite shell of olivine surrounding this spinel

core. He formulated a kinetic model for the diffusion controlled Fe2*-

Mg exchange between olivine and spinel based on the previous

differential equations.

Compositional zoning profiles in olivine and spinel across

their mutual grain boundaries from the Macquarie lsland troctolites are

shown in figure 8.2. The Mg/(Mg+Fe2*) in olivine increases towards the

boundary, while the spinel Mg/(Mg+Fe2*) decreases. Calculated

compositional profiles in olivine and spinel (Ozawa, 1984) match the

measured profiles from troctolites and harzburgites. lt was pointed out

by Ozawa (1984) and Wilson (1982) that Fe2+-Mg zoning starts to

develop at less than 850oC and the blocking temperatures range from

6000 to 800oC. The shape of the Mg/(Mg+Fez*) profile depends on the

cooling rate and the spinel composition (Ozawa, 1983). The spinel grain

size is an important parameter which relates the compositional zoning

to the cooling rates, because the Mg/(Mg+Fe2*) ratio of spinel is more

sensitive to smaller cooling rates than that of olivine, and the changes

in Mg/(Mg+Fe2*) ratios are simply a function of time during which
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continuous cooling took place. ln figure 8.3, computed cooling rates are

correlated with the calculated temperatures (using the equation of

Roeder et al., 1979) and the spinel grain size. The initial Yc,. of the

spinels was assumed to be equal to 0.5 (almost identical to that of

most analysed spinels), and the olivine Mgi(Mg+Fe2*) ratio was taken

equal to 0.9, a value similar to that of the olivine from the

harzburgites and the basal troctolites.

The data from the troctolites indicate that the rate of

cooling was on average 0'001oC per year (+10-l oO/year)' The data from

harzburgites show cooling rates of the same order of magnitude. The

North Mountain wehrlite on the other hand cooled rapidly, at about

103(oC) per year. lt therefore represents the fastest cooled plutonic

rock, suggesting that it is a high level intrusion, also corroborated by

field evidence. Data for a basalt carrying olivine and spinel xenocrysts

are also shown in figure 8.3. Olivine and spinel do not show zoning. The

cooling rate for this basalt is high, more than 104 (oC) per year at

temperatures of 12OOoC (t6Oo¡. The very slow cooling rates of

troctolites and harzburgites suggest continuous cooling for long

periods. lf the initial magmatic temperatures were about 1200oC, then

these rocks attained their present equilibrium state after 100,000

years. Assuming a half spreading rate of 1cm/yr, then these rocks

must have been re-equilibrating for at least 1km away from the ridge.

8.2.3 Pyroxene thermometry

Temperatures of equilibration have been determined for a

wide range of igneous and metamorphic rocks using the clinopyroxene

(Cpx) and orthopyroxene (Opx) compositions in these rocks. Various

methods have been employed but the more frequently applied one is
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based on the diopside-enstatite solvus (Davis and Boyd, 1966). The join

diopside (Di) -enstatite (En) is Fe-free and therefore provides a

satisfactory fit to Mg-rich pyroxene pairs. The phase relations in the

Di-En system have been determined by numerous researchers over a

wide pressure-temperature range (Lindsley and Dixon, 1976; Mori and

Green, 1975; Huebner, 1980; Lindsley, 1980; Lindsley et al., 1981 ;

Jenner and Green, 1983, and many others). Temperature estimations are

accomplished by employing the phase diagram of this system or a

solution model. The two reactions governing the phase equilibria in this

system are the following:

CaMgSi2O5 (--> CaMgSi2Oe (k)

Di in Opx Di in CPx

Mg2Si2O5 <-> Mg2Si2O5 (l)

En in Opx En in CPx

A solution model based on equation (l) was developed by Wood

and Banno (1973), who assumed ideal mixing in clinopyroxene. Wells

(1977) revised the formulation of Wood and Banno (1973) on the basis

of newer experimental data. Some of the assumptions of the previous

authors however, notably the large enthalpy for the reaction

orthoenstatite= clinoenstatite, were in error (Holland et al., 1979

Davidson et al., 1982). Kretz (1982) presented an improved

thermometer (in the Di-En join) which uses igneous pyroxene

compositions (Skaergaard intrusion) together with experimental data

(Lindsley and Dixon, 1976). He produced the following two

thermometric equations for a portion of the Ca-rich side of the solvus,

1 000
T =- 0.468 + 0.246[X]cpx - 0.1 23 ln (1 -2[Ca]cpx)

(8.1 0a)
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(8.10b)T = 0.0s4 + 0.608[X]cpx - 0.904 tn(1-2[ca] cpx)

where [X]i is the atomic fraction of Fe2*/(Fe2*+Mg) in phase i, and

[Ca]cpx is the cation ratio Cal(Ca+Mg+Fe2*) in Cpx. Equation 8.10a

represents to the high temperature part of the solvus, more

thanlOSOoC, and equation 8.10b to the lower part, for temperatures

less than 1080oC.

An improved solution model in the Di-En system was

published by Lindsley et al., (1981). lt incorporates revised values for

the various thermodynamic parameters and an asymmetric Margules

formulation for the clinopyroxene solid solution. They give the

following thermometric equation (based on reaction l) for coexisting

Ca-poor and Ca-rich pyroxene pairs,

T = -273.t s + {(s.s61 +0.0355p+2W61 [Xen]cp''([Xo¡]cP*)2+ Wcz(lXo,]cnx¡z'

(1-2[XEn]cp')- Wc([Xo¡]onx)z]7{0.0091- R .ln ([XEn]cp*/[Xen]oPx)] (s.1 1 )

where p is the total pressure in kbars, wct=25'484+Q'0812*p'

Wcz=31 .216-0.0061.p and Ws=25 kJ.

Nominal temperatures for the troctolites, olivine-gabbros

and harzburgites estimated using the equations of Lindsley et al. (loc.

cit.) and Kretz (loc. cit.). The most magnesian augites [1OO'Mg/(Mg+Fe)

= 90-921 in the troctolites deliver temperatures of 750o-820oO using

equations 8.10. Employing these equations for the less magnesian

augites [100.Mg/(Mg+Fe) = 85-88] of the olivine-gabbros, the calculated

temperatures are in the range 83Oo-910oC. Bulk pyroxene compositions

from the olivine-gabbros give temperatures between 10900 and 1130oC'
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Application of equation 8.11 results in considerably lower subsolidus

temperatures for both troctolites (6gOo -670oC) and olivine-gabbros

(6000-66000). The apparently higher temperatures obtained from the

olivine-gabbros could be accounted for a shorter period of subsolidus

equ ilib ratio n.

Lindsley and Andersen (1983) devised a graphical

thermometer and a projection method which incorporates all other

components of natural pyroxenes. Pyroxene analyses from Macquarie

lsland have been recalculated according to the method of Lindsley and

Andersen (1983), and projected on the pyroxene quadrilateral (figure

8.4). The augites from troctolites plot between the B80oC and 1040oC

isotherms, whereas those from the olivine-gabbros between the 9600C

and 1045oC isotherms. Bulk pyroxene compositions obtained with a

defocused electron beam. Such compositions approximate the original

magmatic subcalcic pyroxene compositions. These indicate

temperatures of 1060oC-1125oC and 1120oC-1165oC for troctolites

and olivine-gabbros respectively. The exsolved Ca-poor phase in the

augites from troctolites approximates the 900oC isotherm. The

estimated temperature range in troctolites is 840o-920oC and in

gabbros 870o-900oO.

The pyroxene assemblage of harzburgites permits estimation

of the exsolution temperature. The calculated temperatures from the

solvus method of Kretz (1982) range from 620o-795oC. The expression

of Lindsley et al. (1981) delivers similar subsolidus temperatures

(6200-70500). ln the graphical thermometer of Lindsley and Andersen

(1983), the enstatites project between the 800o and 1100oC isotherms.

The exsolved Ca-rich phase plots about the 1000oC isotherm (range

1000+600c).
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A different method for temperature estimations is based on

the Fe2+-Mg and associated Ca exchange between coexisting low-Ca and

high-Ca pyroxenes, and is expressed by the reaction,

MgSiO3 + CaFeSizOe .--t FeSiO3 + CaMgSi2O5 (p)

opx cpx opx cpx

The temperature dependence of the distribution coefficient has been

determined by Kretz (1982) and is expressed as follows,

L Xopx 1-Xcpx ...L^-^ \
^D= 1_Xopx Xcpx , wlv,v Á is the atomic ratio Fe2+i(Fez++Mg). He

gives the following relation between KD and temperature,

1 130 (8.1 2)T
lnKo'[X1oPx+g.505

Application of this equation to augites and exsolved Ca-poor pyroxene

pairs from the olivine-gabbros produces temperatures in the range of

10350-1 155oC. Pyroxene pairs from an intrusive melanocratic layer in

these olivine-gabbros give the highest recorded temperature, 1 170oC.

The troctolite pyroxenes deliver an average temperature of 1 125oC.

The olivine-spinel and pyroxene Fe-Mg and unmixing

relationships suggest that harzburgite, troctolites and olivine-gabbros

underwent slow cooling to "blocking temperatures" of the order od

65Oo-8OOoC. Both methods yield magmatic temperatures in the range of

1 10Oo-12OOoC. Evidence presented suggests that initiation of pyroxene

exsolution occured at temperatures less than 1 170oC. This is in

agreement with experimental studies; crystallisation of a subcalcic

clinopyroxene from primitive FAMOUS basalts occurs at 1193o-1170oC

at Iow pressures (Grove and Bryan, 1983). The harzburgites

continuously re-equilibrated down to low temperatures. The estimated

minimum exsolution temperature is around 700oC. Comparable
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subsolidus temperatures were inferred from other ophiolitic

peridotites (Sinton, 1977; Dick, 1977; Quick, 1981).

8.3 Mineral - Melt Equilibria

Crystal-liquid equilibria provide invaluable information on the

chemical composition of the liquids from which the various phases

crystallised. The dominant phases in both volcanic and plutonic rocks

from Macquarie lsland are olivine, plagioclase and clinopyroxene.

Experimental studies on olivine-liquid equilibria have produced very

consistent results. Thus, the composition of olivine crystallising from

different melts can be accurately estimated. Spinel is only a minor

phase in the Macquarie lsland rocks, but its composition is very

important in constraining the Cr-content, the ls3+¡fs2+ ratio and

possibly the AlzOs content of the liquid from which it crystallised. ln

the light of recent detailed studies on spinel synthesis from MORB

liquids, assessment of these parameters is possible. The plagioclase-

liquid and clinopyroxene-liquid equilibria on the other hand arc not so

well constrained. The following discussion is consequently

concentrated in the olivine-liquid and spinel-liquid equilibria.

The harzburgites had a more complex history than the cumulates

since they were affected by solid state ductile deformation possibly at

higher temperatures (and higher pressures?) prior to their final

subsolidus re-equilibration. Liquids in equilibrium with residual mantle

peridotites, such as the Macquarie lsland harzburgites, can be

identified if the 6Fe-Ms and the Ni partition coefficient are well

known.
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8.3.1 Olivine-melt equilibrium

The Mg/(Mg+Fe) ratios and nickel content of silicate melts are

important petrogenetic parameters. They have been used to identify the

compositions of primitive basaltic melts separated from mantle

peridotites, and to constrain models involving olivine fractionation at

low and elevated pressures. Ni2* is strongly fractionated to olivine

relative to the liquid during crystallisation of basaltic magmas,

because of its large crystal field stabilization energy and consequent

strong octahedral site preference energy (Burns, 1970).

Fe2*-Mg2+ distribution between olivine and melt.

The partitioning of Fe2* and Mg2+ between olivine and melt is

expressed as the concentration ratio KMe = ffi, where M=ps2+ ¿¡6

Mg2+ and parentheses denote cation mole fractions. The partitioning of

Fe2+ and Mg2+ can also be treated as an ion exchange reaction of the

fo rm,

Mg2+ (otivine) + pez+ ltiquid) = Mg2+ (liquid) + Fe2* (olivine)

The distribution coefficient of Fe2* and Mg2+ between olivine and melt

is expressed as:

l-liq (XFeo¡¡Moolot

d (FeO-MgO) = (XFeo/XMso¡liq I

where (Xr'to¡i ¡t the mole fraction of MO in phase i, or as

-31;!n (Fe2+/Mg2+¡ol
-Mg) = (Fez+/Mg2+)liq

Experimental studies on natural basaltic

systems indicate that t"l;!!. "r, 
is a function of temperature,
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pressure and melt composition (Roeder and Emslie, 1970; Roeder, 1975;

Mysen, 1975; Longhi et al., 1975; Bickle et al., 1977; Bender et al.,

1978). The experiments of Roeder and Emslie (loc. cit.) indicate that for

a wide range of temperatures (1150o -1300oC), oxygen fugacities (10-

o.G - 1o-12atm) and basattic compositions, the 6",'ill. 
"n, 

is 0.3.

Bender et al. (1978) determined the variation.t billl.-"n, during low

pressure olivine crystallisation from a primitive basaltic glass;
o l- lioKõirri_"nl ranges from 0.266 at 126BoC to 0.299 at 1205oC and 1 atm.

They also commented on the nillt "r, 
increase with pressure, from

0.27 al 1 atm to 0.31 at 10 kbar and 1290oC. At constant temperature,

the distribution coefficient varies with the silica and alkali content of

the liquid, and at constant liquid composition, the rnr6o,li!il-Ms) is a

function of the inverse temperature (Roeder, '1975; Leeman, 1978:

Takahashi, 1978). Bender et al. (1978) derived the following expression

which retates temperature and ti'ill-"n,,

,.nd/;!fl_r¡gr=#- 167e (8.13)

Because of the importance of the Fe2* - Mg distribution

coefficient in modelling crystallisation and partial melting processes,

the selection of the appropriate bi::!1 
"n, 

values must be made

carefully. For basaltic systems at low oxygen fugacities (f Oz),

pressures from latm to 10 kbar and over a considerable range of

magmatic temperatures (12ooo-1 29ooC), biiit 
"n, 

varies from 0.27

to 0.30. At higher pressures, 1o-20 kbar, tilll "r, 
increases to
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0.29-0.34. The average value of 0.33 is generally accepted at such high

pressures (lrvine, 1977).

N i2* Partitioning between olivine and melt.

The partitioning of nickel between olivine and silicate melt can

be expressed by the concentration ratio, trffi . Hart and Davis (1978)

examined the partitioning of Ni between olivine and silicate melt in the

system Forsterite-Anorthite-Albite for temperatures ranging from

125OoC to 1450oC and pressure of 1atm. They found that the Ni

partition coefficient DNi = ffË is strongly dependent on the melt

composition, but not on the Ni concentration. The variation of DN¡ with

the liquid MgO content at constant temperature is expressed by the

relation,

DN¡ =ffi-on (8.14).

The temperature dependence of DNi was found to be significant in

coexisting olivines and quenched liquids from basalts of the Makaopuhi

lava lake in Hawaii (Hakli and Wright, 1967). Leeman and Lindstrom

(1978) presented experimental data for natural basaltic compositions

and the systems Forsterite-Anorthite-Silica'and Diopside-Albite-

Anorthite. They concluded that the N¡ partition coefficient is strongly

dependent on temperature, and at constant temperature it depends on

the liquid composition, increasing with the alkali content of the liquid.

Hart and Davis (1978) found the following relationship for the

temperature dependence of DNi,

(8.1 5 a)tnDN¡ =ff - s.ssg
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where the temperature T is given in degrees Kelvin. Leeman and

Lindstrom (1978) give a similar (in terms of regression parameters)

relation for natural basaltic compositions,

tnDNi =ry - s.ss (8.1 5b).

The variation of the estimated DNi between expressions 8.15a and

8.15b, ís less than +0.3. Therefore, results obtained by using anyone of

these relations would not show considerable deviations. The expression

8.15b is preferred here however, because it is based on a larger data

set than the other.

The previous studies confirmed that the Ni partitioning follows

Henry's law over a large concentration range. Mysen (1979) reported

that Henry's law is followed in the range of 10 ppm to 1000 ppm in

olivine, and changes dramatically for concentrations of more than 100

ppm in the liquid. Nevertheless, subsequent studies on natural basaltic

compositions (primitive glasses from the mid-Atlantic) by Nabelek

(1980) and Drake and Holloway (1981) confirmed the Henry's law

behaviour of Ni for both olivine and liquid over a considerable

concentration range, from 10 ppm to 60,000 ppm in olivine.

The pressure dependence of DN¡ was investigated by Mysen and

Kushiro (1979). They found that the DN¡ decreases with increasing

pressure. They reported on an abrupt decrease in DNi above 1Skbar. Any

melt generated at such high pressures will have much higher Ni

contents than those estimated from the l atm experiments and derived

relatio n s.

ln order to minimize the dependence of the Ni partition

coefficient on the composition of the coexisting liquid, DNi can be

normalized to Mg (Sato, 1977). The normalized Ni partition coefficient

is expressed by the fottowing retation, bi^,|;-is) =Ñm, for
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which there is less temperature dependence (Sato, loc. cit.). lrvine and

Kushiro (1976) however, examined the Ni-Mg partitioning in the join

Mg2SiOa-KzO.6S¡O2 of the Mg2SiOa- KzO- S¡O2 system and showed that

even the bii,il-ir¡ depends on the liquid composition. They inferred

that the diiil-ir, increases as the liquid becomes richer in SiO2 and

alkalies. Takahashi (1978) confirmed the compositional dependence of

^;l;Ji-Tnl 
in the join (Mss.5Fes.5)2sio4-K2o.4sio2 and for seven basattic

compositions and argued for a small temperature dependence; the

^Slilll"nl 
for an Hawaiian tholeiite and an abyssal tholeiite is 2.7 The

temperature dependence of the exchange partition coefficient was

emphasized by Leeman and Lindstrom (1978), who gave the following

inverse relationship between t"tnjl]tn¡ and temperature for natural

basaltic compositions,

.dliJi-is) =+q- 1e4 (B'10)'

ln the temperature range 13O0oC-12OOoC, 6i'Ñ;-ir, varies from 2.4 to

2.8

Petrologic Applications

The olivine composition in basalts (phenocrysts/xenocrysts) and

troctolites (cumulus phase) can be employed to estimate the

Mg/(Mg+Fe) ratio and the Ni-content of the melt from which these

olivines crystallised. lt was concluded in the previous section (8.2)

that the troctolites and harzburgites re-equilibrated at subsolidus

temperatures. The subsolidus equilibration of these rocks was inferred

from the compositional characteristics of spinel included in olivine, as
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well as the exsolution features of clinopyroxenes. Olivine is a major

constituent phase in troctolites. lt is very unlikely that the olivine

composition changed during subsolidus equilibration because of the

limited Fe-Mg exchange between olivine and plagioclase; the olivine

composition did however change at a narrow boundary zone arround the

spinel grains. ln the latter case, Fe-Mg exchange produced the observed

compositional profiles. The average olivine composition however

remained unchanged, as is evidenced by the consistency of the

forsterite and Ni contents within single layers and across successive

layers. The incoming of clinopyroxene in the olivine-gabbros could have

influenced the olivine composition. The uniform Mgi(Mg+Fe) ratios of

olivine and clinopyroxene, and the very similar olivine and high-Ca

pyroxene compositions crystallising from primitive basaltic melts at

low pressures as documented by melting studies, suggest that the Fe-

Mg exchange between these two minerals was negligible. Additionally,

olivine from adjacent olivine-rich and plagioclase-rich layers in

troctolites, and layers with variable modal clinopyroxene in the

olivine-gabbros, has consistent Fo-content and N¡ content.

The harzburgites had a more complex history than the cumulate

rocks since they were affected by" solid state ductile deformation

possibly at higher temperatures and pressures prior to their final

subsolidus re-equilibration. Liquids in equilibrium with residual mantle

peridotites, such as the Macquarie lsland peridotites, can be identified

when the bi';'il.-Mg¡ (abbreviated ¿s (Fe-Me) and DNi are well

constrained. Because of 1þs (Fe-M9 and DNi dependence on temperature,

pressure and fOz, the appropriate values at any given P-T conditions are

not adequately constrained. Values of 0.3-0.33 for 1¡s 6Fe-Mg and 9-10
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for the DNi seem reasonably appropriate for low fO2, high temperatures

(>1200oC) and pressures up to 2Okbar.

The average composition of the most magnesian cumulus olivine

in troctolites is Fose.5, the composition range being from Fose.e to

Foee.e. Melts in equilibrium with these olivines would have had

Mg/(Mg+Fe2*) ratios of 0.7-0.68 assuming a 6Fe-Mg of 0.27. For a 6Fe-Ms

of 0.3, the Mg/(Mg+Fs2+) ratio would have been 0.70-0.72. Similarly,

the olivines (Foe¿-ez) from the olivine-gabbros at Handspike Pt.,

precipitated from melts having Mgi(Mg+Fe2*) ratios of 0.59-0.55

(assuming 6Fe-Ms=6.27). The more FeO-rich olivines (Fon-tù from the

Upper Level gabbros crystallised from melts with 0.48-0.42

Mg/(Mg+Fe2*) ratios (at Kre-ug =0.27) or 0.50-0.46 (at 6Fe-Ms =0.3). The

MgO-rích olivine xenocrysts in basalt M14 must have crystallised form

melts with Mg/(Mg+Fe2*) ratios of 0.73-0.74 assuming 6Fe-Ms =0.3.

Melts expelled from residual harzburgite, containing olivine Fogo.s-gr.e,

must have had Mgi(Mg+Fe2*) ratios ol 0.77-0.75 assuming the low

pressure 6Fe-Mg of 0.3.

The Ni-content of basaltic melts is an important parameter in

the identification of primary melts segregated from upper mantle

peridotites and has also been used to assess fractional crystallisation

processes (Sato, 19771. The olivine from the Macquarie lsland

harzburgites has 0.40-0.45%wt NiO (3140-3536 ppm N¡), on average

0.42/"wt (3300 ppm Ni). The liquid Ni-content in equilibrium with

these olivines is estimated from expression 8.15b. At a temperature of

1280oC which is only slightly higher than that determined for liquidus

olivine precipitating from primitive basaltic glasses (Bender et al.,

1978; Green et al., 1979), melts in equilibrium with harzburgite olivine

would have had at least 300 ppm Ni and as much as 345 ppm Ni; on

average, 320 ppm Ni. The most magnesian olivines in troctolites have
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on average, 0.22o/"wt N¡O (1730 ppm N¡). Assuming crystallisation at

about the same temperature (1280oC), these olivines must have

crystallised from melts having =170 -180ppm Ni. lf olivine

crystallisation had occured at the temperature range 1270o -12350C,

then the estimated Ni-content of the melt would have been 160-133

ppm Ni. The less magnesian olivines in the olivine-gabbros have NiO

contents of 0.12-0.1 4/"wt (943-1 100 ppm Ni); they could crystallise

from melts having as much as 107 ppm Ni and as little as 73 ppm Ni in

the temperature range 1270'^ -121OoC. The olivine megacrysts in basalt

M14 have 2357-2670 ppm Ni. Assuming crystallisation at the

temperature range 1280oC - 1220oC, the estimated melt Ni-content

would be 240t20 ppm to 200+10 ppm respectively. They therefore

crystallised from melts which segregated from relatively "fertile"

mantle peridotite, and not the refractory Macquarie lsland

harzburgites.

Some of the Macquarie lsland basalts and dolerite dykes have

sufficiently high Mg/(Mg+Fe) ratios and Ni and Cr contents to qualify as

parental melts to the cumulate troctolites and olivine-gabbros. Their

Mg/(Mg+Fe2*) ratios and Ni and Cr contents are listed in table 8.3. The

basalts 38188, 38291 , 236 and 38284, the glasses 47979 and 155, and

the dolerite 220 can be identified as possible parental magmas of the

layered rocks. However, even the most primitive basalts and dolerites

could not be in equilibrium with the mineralogy of the residual

harzburgites. The Ni-contents of both basalts and dolerites are

considerably lower than those expected for liquids in equilibrium with

residual harzburgite. ln addition, no basalt or dolerite could

crystallise the MgO-rich and NiO-rich olivine xenocrysts of basalt M14.

The most magnesian basalts/dolerites (>9%wt) are therefore capable of

generating the sequence of layered troctolites- olivine-gabbros, but
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even the most primitive were not the last melts to equilibrate and been

extracted from the residual harzburgites.

8.3.2 Spinel-melt equilibrium

The partitioning of Cr, Al, Mg and iron between basaltic liquid

and spinel at various temperatures and oyxgen fugacities is discussed

in this section. Experimental studies by Hill and Roeder (1974), Fisk

and Bence (1980) and Maurel and Maurel (1982-84) suggest that at

constant temperature the Crl(Cr+Al) ratio and the MgO content of

spinel decrease with increasing f Oz: at constanl fO2, spinel Cr2O3 and

Al2Os contents decrease with decreasing temperature. The spinel ferric

iron content increases with increasing fOz and decreasing temperature.

The chromium content of basaltic liquids is a function of

temperature and f}z. At 1200oC and 10-8 atm,200-300ppm Cr can be

dissolved in a basaltic liquid (Hill and Roeder, 1974). The partition

coefficientDcr=Hincreaseswithincreasingtemperatureat
(C12Or)lie

constant fO2and decreases with decreasing fO2 al constant

temperature (Maurel and Maurel, 1982b). At an fO2 of less than 10-e'5

atm, spinel does not crystallise (Fisk and Bence, 1980).

The aluminium partition coefficient DAI = 
j*9* increases(Al2O.)tia

with decreasing /O2 (Fisk and Bence, 1980). Maurel and Maurel (1982a)

have found that the relation:

(Al2Or)sn = 0.035 .({ntzOe¡tie)2.+z (8.17)

expresses with sufficient accuracy the exchange of Al2O3 between

spinel and basaltic liquid.

The distribution of ferrous iron between spinel and magma

depends on the temperature, fO2, the total iron content, MgO content and
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the ratio l¿3+lls2+ of the magma. Maurel and Maurel (1984b) showed

that the partition coefficient

þFe2+
(FeO)sP

correlates with the MgO and FeO contents of the melt= (FeQ)tiq

according to the following expression:

l¡þFe2+ = 5.83-1.93.tn(MsO)r¡q+(O.OSS.((MoO)q)- t 
) 

.ln(FeO)¡¡o (S.1 8).

The Fe2O3 content of spinel is also a function of the total iron

content and the fs}+lfsz* ratio of the melt, and the temperature and
(Fe2O. )sn

fOz.The temperature dependence of þFe3+ = (Fe2os )liq
is given by the

following expression according to Maurel and Maurel ('1984a),

¡Fe3+= lgg -z.ss (8.19).VT

The ferric to ferrous iron ratio (Fes+7Fe2*) of the silicate melt

is an important parameter which monitors the composition of the

spinel. The ls3+¡ls2+ ratio is sensitive to temperature, pressure, /O2

and liquid composition. The following two reactions give two different

approaches in expressing the ferric to ferrous oxide equilibrium,

FeO (tiquid) + tr+ 02 (sas) = FeOr.5 (liquid)

2'FeO (tiquio) + trz 02 (gas) = Fe2O3 (tiquid)

The first reaction was adopted by Fudali (1965). Sack et al. (1980)

considered the second reaction and formulated the following expression

which relates the ps3+7fs2+ to temperature, fO2 and liquid composition

at l atm pressure:

'. 
t# 

=a'ln(/or) *?+c+d¡X¡ (8.2 o )

where â, b, c and d are constants and X¡ is the mole fraction of

component i in the silicate melt.

Spinel synthesis
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Hill and Roeder (1974) synthesized Cr-bearing spinel from the

Hawaiian olivine-tholeiite 1921 (8.1%wt MgO, 13%wt Al2O3, 500 ppm

Cr). They found that at 12O0oC, increasing /O2 results in increasing the

Fe2O3 and decreasing the Cr2O3 content of spinel. Spinel is the liquidus

phase at high temperatures (>12OOoC) and 1O-s -10-11 atm /O2. Spinel

crystallised at 120OoC and fOz of 10-s'5 and 10-8 atm had 43"/" and 35-

36./" Cr2O3 respectively. Decreasing temperature at a constant fQz of

10-7 atm results in increases in FeO, Fe2O3 and TiOz and decreases in

Cr2O3, AlzOg and MgO.

Fisk and Bence (1980) synthesized Cr-spinel from the FAMOUS

basalt 527-1-1 (Mgo>9'5"/owt, Mg/(Mg+Fs2+)=0'68, 510 ppm cr)' This

basalt contains three types of spinel phenocrysts, an Al-rich variety

having Cri(Cr+Al) ratios oÍ 0.22-0.32 (group l), a Cr-rich type with

C/(Cr+Al) ratios ot 0.42-0.47 (group ll), and a third group (group ¡ll)

with intermediate C/(Cr+Al) and Mg/(Mg+Fe2*) ratios. Fisk and Bence

found that spinel is the liquidus phase at fOz 10-8's atm and higher, but

did not crystallise at fOz of less than 10-e'Satm. They duplicated

experimentally the group ll spinels at temperatures of 12300 -1250oC

and fO2 of 10-s atm, but failed to synthesize the group I spinels. They

concluded that the group I spinels must have crystallised at high

temperatures (>1250oC), low fOz (<QFM) and possibly high pressures

from MgO-rich melts (Mg/(Mg+Fe2*) >0.74). Group lll spinels are

similar to those synthesised at 120OoC and 10-8'5 atm f C,2.

PETROLOGIC APPLICATIONS

The composition of spinel phenocrysts in basalts represents

liquidus composition, and as such can be employed to assess the liquid
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Cr-content. Spinel is an minor phase (.1"/" by volume) in troctolites

while olivine is a major constituent mineral. Spinel compositions are

affected by subsolidus Fe-Mg exchange with olivine. Not all of them

however can represent liquidus spinel compositions. Spinels wholly

enclosed in plagioclases on the other hand, must have not exchanged Mg

and Fe with the surrounding phase; hence, and their compositions were

the least, if at all, changed during subsolidus equilibration. The

composition of spinel megacrysts in the lavas, the phenocrysts in the

glasses and the most magnesian spinels in troctolites are used to

assess liquid Cr-contents and other parameters.

Comparison of Macquarie lsland spinels with experimentallY

crystallised sPinels.

The high-Al spinel xenocrysts of Macquarie lsland lavas (eg.

sample M14) with 32-36/"wt Al2O3 and 28-30%wt Cr2O3, and high

Mg/(Mg+Fe2*), 0.75-0.80, and low Crl(Cr+Al), =0.3, ratios compare with

the group I spinel phenocrysts of Fisk and Bence (1980) from basalt

SZ7-1-1. Representative spinel core compositions from the lavas are

plotted in figure 8.5. Also shown in figure 9.5 are the fields of the

experimental spinels from Fisk and Bence (loc.cit.). The similar

compositions of Macquarie lsland high-Al spinels and the group I

spinels of 527-1-1 basalt suggest broadly similar genetic conditions;

high temperatures, more than 12500C, and low fOZ , approximately FMQ

buffer. The composition of the melt from which such spinels

crystallised is governed by high Mg/(Mg+Fe2*) ratios (>0.74), high

Al2O3 (>16%wt), and Cr-contents of 500 ppm or higher.

The most magnesian spinels in troctolites occur in a thin

chromite band (segregation) within plagioclase layers in sample 324.

They are likely to represent liquidus spinels, although minor subsolidus
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re-equilibrat¡on cannot be ruled out. These spinels have Mg/(Mg+Fez*)

ratios of more than 0.65-0.66 and CrzOs and Al2Os contents in the

range of 34-38%wt and 27-31"/"wt respectively. Their TiOz content is

limited between 0.7% and 0.8%wt. Compositionally, they grade towards

the less magnesian spinel "megacrysts" from the lavas (figure 4.6).

They are very similar to the group ll spinel phenocrysts from basalt

527-1-1 (Fisk and Bence, 1980). Synthetic spinels similar to the

Macquarie lsland plutonic spinels and the group ll spinels of Fisk and

Bence (loc.cit.) crystallised from basalt 527-1-1 at temperatures of

12500-120OoC and fO2 of 10-8.5 -10-s.5 atm; they had 35-38%wt Cr2O3

al fOz =10-9.5 atm and temperature 12300-1250oC. Spinels crystallised

from the olivine tholeiite 1921 at 1200oC and fO2=10-8 - 10-s's atm

had 35-40%wt Cr2O3, a maximum of 43/"wt (Hill and Roeder, 1974).

A direct comparison of the Macquarie lsland spinels with those

synthesised experimentally from MgO-rich magmas indicates that the

Al-rich, Mg-rich spinel "megacrysts" in the lavas crystallised at high

temperatures, in excess of 1250oC, low fOz = FMQ buffer from melts

with high Mg/(Mg+Fez*) ratios, >0.74, and around 500 ppm Cr. The most

magnesian spinels in troctolites crystallised from melts with lower

MgO contents at lower temperatures and possibly at 1 atm; provided

that the most Cr-rich spinels crystallised from basalt 1921 had about

40%wt Cr2O3, the Macquarie lsland plutonic spinels must have

crystallised from melts with around 500 ppm Cr. The less magnesian

(Mg/(Mg*ps2+)=0.5-0.6), lower-alumina (Al2O3=t0-22/"wl) and high-Cr

(Cr2O3=39-41%wt) spinels in the chromite band from troctolite 324,

are compositionally similar to the synthetic spinels at 1200oC and /Oz

of 10-8 -10-s atm from basalt 1921 (H¡ll and Roeder, 1974), and those

crystallised at about 12OOoC and 10-8.5 -10-7.s atm fO2 from basalt

527-1-1. Assuming that their compositions have not been modified by
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subsolidus Fe-Mg exchange with olivine, these spinels must have

crystallised at temperatures of about or less than 1200oC and f 02 ot

around 10-8 atm.

lnverse method

An inverse method approach has been undertaken in order to

compare the compositions of spinels crystallising from tentative

parental magmas with the Macquarie lsland liquidus spinels.

The fe3+7ps2+ ratio of the melt was computed from the total

iron content using the formulation of Sack et al. (1980), equation 8.20:

the values of the constants â, b, c and d, were taken from the better

defined data set of Kilinc et al. (1983). The spinel FeO and FezOg

contents were estimated from equations 8.18 and 8.19 respectively.

The ferric and ferrous iron content of the melt calculated for a range of

temperatures and f Oz, from 1 180o-1 3O0oC and 19-s'5-1 g-1 1 atm

respectively. The estimated spinel FeO and FezOg contents were

calculated for each T-fOz step. The spinel Al2O3 content estimated

from equation 8.17, and the Cr2Og content was calculated for a range of

melt Cr-contents, from 300 ppm to 1500 ppm Cr. Although a direct

comparison of fictive and liquidus spinels is not a a príorí guarantee

for constraining precisely the liquid composition, it does however

provide some information on the liquid composition.

Several tentative parental melt compositions were tested. The

Macquarie lsland glass NH2 contains in equilibrium spinel phenocrysts.

Microprobe analyses of coexisting glass and spinel phenocrysts provide

an excellent opportunity to estimate the Ds for Al2O3, MgO and FeO. The

equations of Maurel and Maurel (loc.cit.) have been applied to spinel-

glass pairs from this sample. When basaltic glass 527-1-1 is tested as

parental melt, and the calculated spinel composition compares with the
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compositions of the synthesized spinels for different temperatures and

f Oz. ln both cases, it is found that the calculated spinel Al2O3 content

is overestimated by =0.5-1"/" trom equation 8.17: equation 8.17 predicts

spinel Al2O3 content of = 31.S%wt from liquid 527-1-1 ; this value is in

the middle of the observed range of group ll spinels and group I spinel

rims, inferred to be liquidus spinels at 10-8's - 10-s atm fO2. The

liquidus Macquarie lsland lava spinels must have crystallised from

melts with aboul 17"/" Al2O3 according to 8.17. The FeO content is

reproducible within 10.6% (equation 8.18), but the FezOs content is

underestimated (equation 8.19). The calculated spinel FeO content from

liquid 527-1-1 for the temperature range 1220o-1 300oC and 10-s -10-

9.5 atm fO2 is about 12-13/'wt, and approximates the FeO content of

group ll spinels (=12/"wt). The Macquarie lsland spinels from the lavas

have similar FeO contents (12-13%wt), and hence could have been

crystallised from melts with similar FeO contents to the basalt 527-

1-1. The ls3+¡ls2+ ratio of the liquid is an important factor

controlling the FeO content of the crystallising spinel. The lower this

ratio the better the agreement of observed and calculated (from

equation 8.18) spinel compositions. The Cr content of the liquid which

crystallised the high-Al spinels from the lavas was estimated to be the

range of 500-700 ppm.

Oxidation States

The very low FezO3 contents of spinel "xenocrysts" in the

Macquarie lsland lavas and phenocrysts in glasses suggest very low fO2

possibly <FMQ at the source regions of the melts from which these

spinels crystallised. Previous studies (including direct Fe3+/Fe2*

measurements) on the oxidation states of mantle peridotites (Arculus

and Delano, 1981) and basaltic glasses (Dmitriev et al., 1984; Christie
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et al., 1986) showed that /Oe is about and/or lower than the FMQ buffer.

The Macquarie lsland data show excellent agreement with these

studíes. The Al-rich, MgO-rich, Ti-poor character of these spinels

necessitates parental liquids with high Mg/(Mg+Fe) ratios, also

inferred from the composition of the olivine xenocrysts/megacrysts,

high Al2O3 contents (>17%wt) and generating at high temperatures,

>1250oC, and low fO2, possibly around the FMQ buffer. The spinels in

troctolites indicate crystallisation from melts at higher /O2 and hence

shallower depths.

8.4 Crystallisation Modelling

Low pressure fractional crystallisation of MgO-rich basaltic melts

(MgO > 9%wt) is widely considered as the most effective process for

generating the compositional diversity of MORBs (for a review see

Wilkinson, 1982). The well defined basaltic glass trend of decreasing MgO

with falling Al2O3 and CaO and increasing total iron and TiO2 provides

strong support to fractional crystallisation of olivine+plagioclase+

clinopyroxene especially for less magnesian glass compositions (MgO

<7l"wt). Least squares calculations corroborate the control of

olivine+plagioclase+clinopyroxene fractionation in the compositions of the

evolved basaltic glasses (Bence et al., 1979; Perfit and Fornari, 1983).

Experimental confirmation of the crystallisation temperatures of these

minerals comes from a number of studies (Bender et al., 1978; Green et al.,

1979; Fujii and Bougault, 1983). Olivine is the liquidus phase at low

pressures (<5 kb) and is followed by plagioclase 20-30oC below the

liquidus, and clinopyroxene at about 50oC below the liquidus. The phase

relations of MgO-rich basalts (MgO >9%wt) are suggestive of olivine and

plagioclase removal from such melts; these two phases together with
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clinopyroxene at lower temperatures must exert a major control on the

composition of MORBs. ln particular, the Mg/(Mg+Fe) ratios of MORBs

(mostly Mg#< 63) must be controlled by olivine fractionation. The presence

of olivine+plagioclase and olivine+plagioclase +clinopyroxene cumulates in

Macquarie lsland offers clear circumstantial evidence for such

fractionation and an excellent opportunity to test whether the most MgO-

rich basalts relate (and to what extent) to the more evolved via olivine and

plagioclase fractionation.

Olivine Crystallisation

The crystallisation of olivine from MgO-rich melts parental to the

olivines of the cumulate troctolites is tested. Two cases are considered in

this section, equilibrium crystallisation and f ractional crystallisation.

Fractional crystallisation has long been considered as the dominant

process generating the observed compositional diversity of MORBs. Removal

of olivine, ptagioclase and clinopyroxene at low pressures has been

modelled by least squares approximations and found to be essential for

producing the wide major element variations of MORBs. Most of the

relevant studies employed phenocryst compositions in modelling the liquid

changes during fractionation of these three phases. The cumulate rock

sequence exposed on Macquarie lsland provides a unique opportunity to test

the effectiveness of the various crystallisation models.

Case for Equilibrium Crystallisation

The compositional changes of a liquid during equilibrium

crystallisation of olivine from a primitive MgO-rich melt are modelled in

terms of Mg/(Mg+Fe) ratios and NiO contents. A melt in equilibrium with

the average olivine (Fose.7, Ni=1730ppm) of the lowermost layered

troctolites undergoes olivine crystallisation. The initial melt Mg/(Mg+Fe)
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and Ni-content are estimated from the olivine composition. Partition

coefficients for Mg, Fe and Ni are estimated from the regressions of

Leeman and Lindstrom (1978), Leeman (1978) and Jones (1984) at two

temperatures, 12200 and 1280oC.

Mass balance requirements necessitate that the concentration of an

element i in the resulting melt after olivine crystallisation from an initial

melt is expressed by the following relation,

.ii
ci'o=crl¡q'(1-x) *coliv'X (8'21)

where is the concentration of element i in the initial melt, tl,,o is

the concentration of element iin the residual melt, Cå,,u is the

concentration of element i in olivine, and x is the fraction of olivine

crystallising.

The changes in the Mg/(Mg+Fe) ratio and Ni-content of the initial

liquid during olivine equilibrium crystallisation are calculated from

expression 8.21. The olivine composition is fixed at Fose.7. The liquid path

is calculated for an increment of olivine crystallisation of 1"/". Residual

liquid compositions are plotted in figure 8.6. The liquid paths for 1"/" to 14%

olivine crystallisation at the two different temperatures of interest

(1ZZOo and 128OoC) have different slope than that shown by the basalts.

Separation of olivine from the residual liquid would contribute to a greater

depletion in the liquid Ni-content thus resulting in the rotation of curves 1

and 2 towards curve SS. lt is evident from figure 8.6 that equilibrium

crystallisation of olivine cannot account for the observed compositional

trend of basalts. Segregation of olivine from MgO-rich melts is suggested

by field evidence, presence of cumulate melatroctolites - troctolites;
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olivine segregation is also indicated by the trends of Mg/(Mg+Fe) ratios and

Ni contents of basalts. Geological observations and chemical inferences are

thus in good agreement.

Case for Fractional Crystallisation

During fractional crystallisation of olivine, both liquid and olivine

compositions change incrementally. Olivine precipitated from each residual

liquid will be more Fe-rich than previous olivines. lt was inferred in

section 8.3 that liquids in equilibrium with the troctolite olivines would

have had Mg/(Mg+Fe2*) ratios of 0.7-0.72 and Ni-contents of more than 170

ppm. Some of the basalts have similar Mg/(Mg+Fe2*) ratios and Ni-contents.

They therefore can be parental liquids to the cumulate rocks. These basalts

are the initial liquids. The olivine composition in equilibrium with these

basalts is firstly estimated. The calculated olivine Fo-content is reduced

by 0.5 Fo units to account for the Mg/(Mg+Fe) ratio of the next residual

liquid. A weight percentage (2% in the following calculations) of this

olivine composition is then subtracted from the initial liquid composition

to estimate the residual liquid composition, Mg/(Mg+Fe) ratio and Ni-

content. The resulting residual liquid will be in equilibrium with a less

magnesian olivine; the composition of olivine is again calculated and then

its composition (minus 0.5 Fo units) subtracted from the liquid

composition, thus resulting in a new residual liquid and so on. Olivine

compositions used in the following calculations are real compositions from

the troctolite olivines.

Two cases of olivine fractionation are tested and the results are

ploüed in figures 8.7 and 8.g. ln the first case, tþs (Fe-Mg and DNi are

assumed constant. The value of KFe-Mg is taken equal to 0.3, and DNi equal to
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11. The value of DNi represents a temperature of =1 270oC, estimated from

expressions 8.15a and 8.15b. Figure 8.7 shows the successive liquid

changes during fractionat crystallisation of olivine from two magnesian

basalts, samples 236 and 38188 (table 8.3).The liquid path is calculated by

successively subtracting 2 wt"/" olivine composition. Figures 8.7a and 8.7b

show fractionation paths of an initial liquid 236. After 5% fractionation,

the liquid Ni-content is reduced to half. Only after 4/" fraclionation, the

liquid becomes so depleted in Ni, that the crystallising olivine (Foas) has

just 0.14% NiO. The liquid path interpolates the compositional trend

defined by most basalts and dolerites. Figures 8.7c and 8.7d show the

liquid paths during olivine fractionation from an initial liquid similar to

38188. Basalt 38188 has higher MgO (11.17%wt) and Ni (199 ppm) than

basalt 236 (7.99%wt MgO, 164ppm Ni); basalt 38188 can be parental to

basalt 236 via 2o/" olivine fractionation. lt is shown in figure 8.7 that most

basalts are derivatives of such initial liquids. The majority of basalts can

be derived from basalt 38188 through 2-10/" olivine fractionation, and the

most evolved basalts (Mg/(Mg+Fe2*) = 0.60+0.02) can be produced by 1 xt't"

fractionation. Similarly, most basalts can be derived from basalt 236 via

1-10% olivine fractionation. The same holds true for dolerites. Almost all

but one dolerite are derived from initial liquids such as basalts 236 and

38188 by 2-12% fractionation. The most evolved dolerite, sample 391

(Mg/(Mg+Fe,¡=e.47, Ni=27ppm), is derived by 16% olivine fractionation from

basalt 38188.

In the second case, lþs (Fe-Mg and DNi are considered to change

progressively as temperature falls. The calculated values for DNi (from

expression 8.15b) change considerably as temperature drops, in contrast to

the minor change sf (Fe-Ms with decreasing temperature. (Fe-Ms is estimated

from the relation of Bender et al. (1978), expression 8.13. Resulting liquid
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paths during olivine fractionation from basalt 38188, are plotted in figure

B.B. Because of the increasingly hígher þNi with decreasing temperature,

calculations carried out using as initial temperature 12650C; there is a

marked depletion in the liquid Ni-content as temperature drops, and the

resulting liquid path is significantly different than the liquid lines of

descent shown in figure 8.7. The liquid path does not approximate the

basalt trend, but instead lies in the Mg/(Mg+Fe) -rich side of the basalt

cluster. 12/o oJivine fractionation depletes the liquid in Ni too much; the

estimated Ni values (<32 ppm) are even lower than those observed in the

most differentiated basalts (Mg/(Mg+Fe)= 0.60).

The successive changes in the olivine composition during fractional

crystallisation from a possible parental melt such as basalt 38188, are

illustrated in figure 8.9. The first olivine to crystallise f rom basalt 38188

has the same composition as the in-equilibrium olivine, Fogo.¿. Fractional

crystallisation of this olivine will result in a residual liquid which then

crystallises a less magnesian olivine. The olivine composition estimated

assuming ¿ (Fe-Ms value of 0.3. Two cases are shown in figure 8.9. ln the

first case, the olivine composition path is calculated using a pNi sf $; a DNi

of 12 is used to calculate the olivine path in the second case. The

calculated olivine composition is plotted for 2/" fractionation intervals.

Representative olivine compositions from the Macquarie lsland layered

troctolites, olivine-gabbros and harzburgites are also plotted. The

calculated olivine trend and the cumulus olivine trend (real) have distinctly

different slopes. The calculated trend shows that after 6"/" fractionation,

the liquid is in equilibrium with olivine Foes.s. This olivine however has

only 0.13-0.14%wt NiO. Cumulus olivine from the cumulate rocks has

around 0.20"/"wt NiO for similar Fo contents. After 8% fractionation, the

liquid can only crystallise olivine (Fos7.5) with 0.11%wt NiO. Such Ni-
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contents are the lowest detected in cumulus olivines, but correspond to Fo

contents of 81-82.

The real olivine compositions lie on the concave side of the

calculated olivine trend; they are always less forsteritic but with higher

Ni-content than the calculated olivines. Also, these actual olivines

maintain similar Ni-contents over a wide range of Fo-contents. These

chemical characteristics are suggestive of continuous replenishment of the

magma conduiVchamber with fresh batches of unfractionated melts, which

mix with the existing (and fractionating) magma continuously. As a result

the Fo- and the Ni- contents are reset towards higher values contínuously

during the course of magma differentiation. Such a conclusion is also in

agreement with previous inferences (chapter 4, eg. figure 4.38).

8.5 Conclusions

The Fe-Mg exchange between olivine and spinel continues for

considerable time down-temperature (after the original crystallisation of

these two minerals at some high temperature) when spinel in included in

olivine. Olivine-spinel pairs from the Macquarie lsland harzburgites give

subsolidus temperatures of 6700-910oC. ln troctolites, the most magnesian

spinels (mg#>60) and the averaged olivine compositions, which are very

similar to the spinel and olivine phenocryst compositions from the glasses,

indicate temperatures of 1 1650-1250oC. Coexisting spinel and olivine

phenocrysts from the glasses give very similar temperatures,

approximately 123OoC. Calculated temperatures from the averaged olivines

and the less magnesian spinels (mg#<50) of troctolites are clearly

subsolidus, on average 70Oo+5OoC. The estimated temperatures from the

olivine -spinel pairs in the North Mt. wehrlite are in the range of 12100-
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1ZB7IC, and possibly represent original crystallisation temperatures. The

pyroxene compositions from the Macquarie lsland harzburgites, troctolites

and olivine-gabbros have also been employed for calculating crystallisation

temperatures. The different methods applied yield original magmatic

temperatures of 11OOo-117OoC and blocking temperatures of less than

SOOoC for troctolites and olivine-gabbros. Subsolidus temperatures (6SOo-

BOOoC) are indicated by the pyroxene assemblage of harzburgites.

Examination of the compositional profiles in both spinel and

olivine, and the Fe-Mg diffusion rates between these two phases suggest

that the cooling rate of the Macquarie lsland harzburgites and troctolites

was <O.OO1oO/year. The North Mt. wehrlite cooled fast, estimations suggest

around 1000oC/year; therefore, it is possibly a high level intrusion, in

agreement with its observed stratigraphic position.

Gonsideration of the olivine-liquid equilibria indicates that

liquids in equilibrium with the troctolite olivines would have had

Mg/(Mg+Fe) ratios of 0.69-0 ]2 and Ni contents of around 180ppm.

Similarly, liquids equilibrated with (or extracted from) the refractory

harzburgites would have had Mg/(Mg+Fe) ratios of 0.75-0.76 and Ni

contents of about 320ppm. Some of the basalts and dolerite dykes have

sufficiently high Mg/(Mg+Fe) ratios and N¡ contents to qualify as

parental melts to the cumulate troctolites and olivine-gabbros (table

8.3). The basalts 38188,38291,236 and 38284, the glasses 47979 and

155, and the dolerile 220 can be parental magmas of the layered rocks.

However, even the most primitive basalts and dolerites could not be in

equilibrium with the mineralogy of the residual harzburgites. The Ni-

contents of both basalts and dolerites are considerably lower than

those expected for liquids in equilibrium with residual harzburgite. ln

addition, no basalt or dolerite could crystallise the MgO-rich and N¡O-
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rich olivine xenocrysts of basalt M14. The compositions of the liquidus

spinels indicate that this mineral crystallised from liquids rich in MgO

(>9%wt), with high Al2O3 F17"/"wt) and Cr-content (>500-700ppm Cr),

and under very low fO2 conditions (<FMQ).

Equilibrium and fractional crystallisation of olivine from MgO-

rich melts, aphyric basalts and glasses, has been tested. lt was

inferred that fractional crystallisation of olivine can account for the

Mg/(Mg+Fe) ratios and Ni-contents of the less magnesian basalts and

dolerites. The amount of fractionating olivine depends on the

Mg/(Mg+Fe) ratio and Ni-content of each basalVdolerite. The

moderately differentiated basalts/dolerites, with Mg/(Mg+Fe)=9.7-

0.64, can be derived from a primitive melt (such as basalts 38188 and

236) through 2-10"/" olivine fractionation. The low Mg/(Mg+Fe) (=0.6)

basalts/dolerites can be derived from such primitive melts after 12-

14/" olivine fractionation. The most differentiated sample (dolerite

3g1) can be derived from basalt 38189 via 16% olivine extraction. The

Mg/(Mg+Fe) ratios and Ni-contents of basalts/dolerites can be

accounted for by ditferent proportions of olivine fractionation. The

fractionating olivine has a composition similar to that of the cumulus

olivine in troctolites. The accumulation of troctolites has thus

controlled the Mg/(Mg+Fe) ratios and Ni-contents of basalts and

dolerites, and these layered rocks can be considered as complementary

to the volcanics.
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GHAPTER NINE : PETROGENESIS

9.1 lntroduction

The mineralogy, chemistry and genesis of mid-ocean ridge

basalts (MORBs) have been the centerpoint of innumerable studies.

Discussions on the genesis of these basalts, predominantly tholeiitic,

concentrated in defining their phase relations at given P/T conditions

and comparing their liquidus or near-liquidus phases with the mineral

phases of mantle peridotites; attempting to identify the composition

and mineralogy of the source upper mantle peridotites and the extent of

partial melting; discussing their low pressure fractionation paths; and

assessing the chemical effects of magma mixing in open-system

magma chambers located at some shallow depth beneath the spreading

ridge. The literature is enormous; for this reason, very few selected

studies are considered in the following discussion. The most recent

reviews on the genesis of MORB5 are those of Wilkinson (1982),

Thompson (1987) and the Basaltic Volcanism Study Project (1981).

Primary basaltic melts generated by partial melting of upper

mantle peridotite must have high Mg# values ( lt¡g* = 100'Mg/1tvtg+Fe2+) ),

high Ni and Cr contents, and to be in equilibrium with suitable upper

mantle peridotite mineralogies. Primitive MORBs have Mg# ratios of

70-79, more than 200 ppm Ni and 500 ppm Cr. These characteristics

interpreted by Kay et al. (1970) to indicate that these basalts are

relatively undifferentiated liquids. The compositions of basaltic

liquids with less than 7% MgO follow the 1 atm cotectics of olivine,

plagioclase and clinopyroxene, and so are mainly controlled by low

pressure fractionation of these phases (Walker et al., 1979). Basaltic

liquids with more than 9.5% MgO are rare; they could be either primary



.-- i

9.2

magmas directly derived by melting upper mantle peridotite or

differentiated products (mainly through olivine fractionation) of even

more magnesian melts (picrites). Most MORBs however have MgO

contents between 7"/" and <9.5%; they are therefore fractionated

liquids.

Residual peridotites produced by partial melting of "fertile"

upper mantle peridotite are lherzolites and harzburgites as is

evidenced by the tectonite peridotites from the base of ophiolite

complexes and dredged ultramafics from the ocean floor. Tectonised

harzburgite is the dominant lithology of ophiolite ultramafic rocks;

these rocks have been subjected to asthenospheric flow. Lherzolite is

the predominant ultramafic rock from the ocean floor. Harzburgite

always contains up to 5% modal clinopyroxene. Basaltic melts

extracted from such peridotites must have olivine and orthopyroxene,

the two major constituent phases of lherzolite and harzburgite, as

liquidus phases at the P/T conditions of interest.

Melting experiments of magnesian MORBs show that olivine is

the liquidus phase from 1 atm to 10 kbar anhydrous; it is followed by

plagioclase and clinopyroxene (Bender et al., 1978; Green et al., 1979;

Fujii and Bougault, 1983). At about 10 kbar, olivine is replaced by

clinopyroxene on the liquidus. Clinopyroxene persists as a liquidus

phase up to 15 kbar. Bender et al. (1978) showed that the basaltic

(tholeiitic) glass 527-1-1 (Mg#=68; Ni=232 ppm) from the FAMOUS area

has clinopyroxene at its liquidus from 10.5 to 15 kbar. At 1310oC and

15 kbar, orthopyroxene crystallises after clinopyroxene. Fujii and

Bougault (1983) determined the phase relations of the basaltic glass

ARP 74-10-1e (an olivine-tholeiite) with mg#= 69 ( mg* =

100.Ms/(Mg+LFe) )and 240 ppm Ni from Mount Venus in the FAMOUS area.

They found that olivine, clinopyroxene, orthopyroxene and plagioclase
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crystallise within 10oC from the liquidus. Orthopyroxene is not a

liquidus phase at any pressure, from 1 atm to 15 kbar' Green et al.

(1979) studied the phase relations of glass 3-1s-7-1 from DSDP Site

18, South Atlantic. This basaltic glass (mg#=69.5) shows only

clinopyroxene as a liquidus phase from 10 to 15 kbar; clinopyroxene is

followed by plagioclase with decreasing temperature. Green and his

colleagues added up to 9% orthopyroxene before orthopyroxene appeared

on the liquidus. Orthopyroxene was found as a liquidus phase at 9 kbar

from the olivine tholeiite rr (Mg#=69.8) of Green and Ringwood (1967).

Kushiro and Thompson (1972) also reported a Ca-poor pyroxene

(mg#=84.4) to crystallise from the olivine-tholeiite T-87 (mg#=64.3)

at 7.5 kbar. Fujii and Kushiro (1977a) also found orthopyroxene

(mg#=86) to crystallise from a less magnesian olivine tholeiite

(mg#=57.2) after olivine, plagioclase and clinopyroxene within 1OoC

from the liquidus.

Various models have been proposed for the genesis of MORBs

based on their phase relations at low and high pressures. The

predominant models fall in two categories, (1): All sampled MORBS,

even and the most magnesian with 9.5-11%wt MgO, are derived from

parental picritic melts via olivine fractionation polybarically. Picritic

magmas generate in the mantle at pressures between 15 and 30 kbar

(60-100 km). This model is supported by the studies of O'Hara (1968)'

Green et al. (1979), Stolper (1980), Elthon and Scarfe (1984), and

others. (2): Some of the most magnesian MORBs (MgO >9.5%wt; Ni >200

ppm) are primary melts generated by partial melting of suboceanic

mantle peridotite at pressures 9-11 kbar (25-35 km). This model is

preferred by Presnall et al. (1979), Fujii and Bougault (1983) and

Takahashi and Kushiro (1983).



9.4

Presnall et al. (1979) investigated the phase relations of

magnesian tholeiites in the system CaO-MgO-Al2Os-SiO2 (CMAS). At the

intersection of spinel-lherzolite and plagioclase-lherzolite solidi (=9

kbar), there is a cusp; Takahashi and Kushiro (1983) also found two

cusps on the peridotite HK66 solidus, at the points where the

subsolidus assemblages change. Presnall and his colleagues favoured

the generation of magnesian MORBs at the =9 kbar cusp by merit of its

invariancy, forsterite +diopside +enstatite +anorthite +spinel +liquid.

Green et al. (1979) carried orthopyroxene and olivine addition

experiments in a magnesian basalt (3-18-7-1) to test at which

temperature and pressure this basalt would be saturated with both

olivine and orthopyroxene, and thus a primary magma. They concluded

that basalt g-re-z-r was saturated with both olivine and orthopyroxene

at 20 kbar and =1430oC. They proposed generation of tholeiitic picrites

at 20 kbar (=70km), and formation of all MORBs from parental picritic

magmas through olivine fractionation.

Fujii and Bougault (1983) performed melting experiments on a

magnesian olivine tholeiite (nne 74-io-1e) from the FAMOUS area. They

found that this basalt has near liquidus olivine, orthopyroxene,

clinopyroxene, spinel and plagioclase at 10 kbar; RRp 74'10-10 has also

high Ni content (>240 ppm). Fujii and Bougault suggested that such

magnesian MORBs could be primary magmas generated at =10 kbar, at

the P/T interval where the peridotite subsolidus assemblage changes

from spinel lherzolite to plagioclase lherzolite.

Elthon and Scarfe (1984) arrived at different conclusions. They

presented high pressure phase equilibria for a MgO-rich basalt (NT-23)

with more than 16.5wP/" MgO from the Tortuga ophiolite. They showed

that at 25 kbar, olivine+orthopyroxene+clinopyroxene+garnet are the

liquidus phases. They proposed that even the most primitive MORBs
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with MgO>g.5/o are derivatives of primary high-MgO magmas generated

by melting of mantle peridotite at 15-25 kbar.

Significant progress has been made in experimental techniques

in the meantime. Subsequent melting experiments used a new

experimental method; the peridotite-basalt sandwich technique. A thin

basalt wafer is encapsulated in peridotite. ln this way, there are less

equilibration and incipient crystallisation problems than the previous

techniques using Pt or graphite capsules (Thompson, 1984).

Stolper (1980) studied the phase equilibria of the primitive

basaltic glass ALV-5Is-4-1 (MgO=9.6%wt) from the FAMOUS area of MAR.

The basalt was embedded in a matrix of olivine+orthopyroxene, similar

to a residual harzburgite, and melted from 10 to 20 kbar. Liquids

produced at different pressures were saturated with olivine and

orthopyroxene. Stolper combined his high pressure data with those of

Green et al. (1979) and established the olivine+othopyroxene cotectic in

the normative OL-CPX-OPX-PLAG tetrahedron. He superimposed the

MORB compositions on the determined phase boundaries, and drew very

specific conclusions. He argued that although the MORB cluster comes

very close to the olivine+orthopyroxene+clinopyroxene cotectic at

=1okbar, even the most primitive MORB compositions do not lie on this

cotectic and hence cannot be primary melts generated at the low

pressure range, from 8 to 11 kbar.

Takahashi and Kushiro (1983) studied the melting behaviour of

a Hawaiian spinel-lherzolite (HK66) at anhydrous conditions using the

sandwich method. The melts produced at 8-10 kbar are olivine

tholeiites very similar (almost indistinguishable) to MORBS. They

supported generation of MORBs at pressures of g-10 kbar. Melts

produced at pressures between 15 and 20 kbar are alkali olivine

basalts; at low pressures (<Skbar), the melts are quartz- tholeiites.
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Fujii and Scarfe (1985) also used the sandwich method to test

whether peridotite bulk composition (by varying the amount of

constituent minerals) influences the melt composition. The

experiments carried out at 10 kbar pressure. The peridotite was

reconstructed from mineral separates of olivine, orthopyroxene,

clinopyroxene and spinel. The olivine-tholeiite ARP-74-10-16 (Fujii and

Bougault, 1983) was used as the sandwiched basalt. The equilibrated

liquids (coexisting with olivine+orthopyroxene+ clinopyroxene+spinel)

with different peridotite-basalt mixtures showed a range of

compositions. This led Fujii and Scarfe (loc.cit.) to suggest that

partial melting of mantle lherzolite is not isobarically invariant (or

"pseudoinvariant"). Some of these 10 kbar liquids are compositionally

similar (a few are identical) to magnesian MORBS.

9.2 Phase Diagram Considerations

The compositions of basaltic, peridotitic rocks and gabbroic

rocks can be sufficiently well represented by phase diagrams which

have the major constituent oxides aS end member components.

Crystalline and liquid paths during parting fusion and crystallisation

processes have been studied for a number of simplified binary and

ternary systems. Crystallisation under perfect equilibrium and perfect

fractionat conditions can be studied graphically on such ternary phase

diagrams. There is a number of diagrams for projecting basaltic

compositions for studying their phase relations and crystallisation

paths. The iron -free system CaO-MgO-A|2O3-S¡O2 (CMAS) is a good

basaltic analogue because the principal constituent minerals of basalts

- peridotites - gabbros can be satisfactorily approximated. The system
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Fo-An-Di-Q (Mg2SiOa - CaAl2SizOe - CaMgSi2O6 - SiO2) shown in figure

9.1b, part of the larger CMAS system, is a simplified analogue for

polycomponent basaltic - per¡dotitic compositions and is employed

here for studying the crystallisation paths of Macquarie lsland basalts

and testing the various scenarios regarding their genesis.

Yoder and Tilley (1962) classified basalts by using this

simplified system in an extended version (the five component system

Na2O-CaO-MgO-Al2Os-S¡O2) and the GIPW normative basalt mineralogy

(figure 9.1a). ln this diagram, forsterite becomes olivine, anorthite

becomes plagioclase and diopside becomes clinopyroxene. The

normative basalt tetrahedron shows three volumes; the alkali-basalt

volume (nepheline-bearing rocks), the olivine-tholeiite and tholeiite

volumes for olivine-normative to quartz-normative basalts. ln the

following projections, the normative minerals are combined. The

phase relations in the normative basalt tetrahedron are considered by

analogy to the simplified synthetic CMAS system in section 9-2-1.

Walker et al. (1979) used the pseudoliquidus diagram OL-PLAG-

Dl-Sl (olivine -plagioclase -diopside -silica) for studying the phase

equilibria, the crystallisation paths and the genesis of basaltic

magmas. They preferred a projection method which utilizes the

combined molecular proportions of the major constituent oxides. Phase

relations in this system and implications from the Macquarie lsland

data are discussed in section 9.2.2.

9.2.1. The CaO-MgO-AlaOrSiOa (CMAS) System

The liquidus phase relations in the CaO-MgO-Al2Os-SiO2 system

(CMAS) are shown in figure 9.1b. The ternary Fo-An-Di (figure 9.1c)
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conta¡ns the three principal phases (olivine-clinopyroxene-plagioclase)

of basaltic and peridotitic rocks. This plane Fo-An-Di corresponds to

the Ot-Di-Ptag plane of the normative basalt tetrahedron. The Ol-Di-

PIag plane is the plane of silica undersaturation and has been

considered as a "thermal divide" (liquids on either side of this plane

cannot fractionate on the other side) between tholeiitic and alkalic

basalts at low pressures, for experiments carried at 1 atm. By analogy,

the Fo-An-Di plane can be considered as a low pressure thermal divide

between tholeiitic and alkalic basalts in the simplified CMAS system.

The ternary Fo-An-SiO2 is also very important in considering phase

equilibria in basaltic melts because it contains as end member

component SiO2, hence the silica saturation of liquids can be modelled,

and also because it illustrates the olivine reaction relation with the

liquid. Liquidus phase boundaries in this ternary are shown in figure

9.1c. The low temperature point E is a ternary eutectic. The line An-En

can be considered as the trace of the plane of silica saturation. The Fo-

Ab-Q or its expanded version Ot-Plag-Q plane of the basalt

tetrahedron is equivalent to the simplified Fo-An-SiO2 system.

Macquarie lsland data from the layered rocks, the massive

gabbros, the dolerite dykes, the basalts and the few analysed glasses

are plotted in the Fo-An-Di ternary in figure 9.2 and the Fo-An-SiO2

ternary in figure 9.3, by combining the end member components for each

phase; hence, Fo represents olivine (Fo+Fa), An represents plagioclase

(An+Ab) and Di is clinopyroxene (Wo+En+Fs)-

The layered troctolites form an aftay almost paralleling the

Fo-An sideline in the Fo-An-Di join (figure 9.2), and the olivine-

gabbros show a broad cluster reflecting their modal olivine. The

laminated gabbros from the uppermost parts of the layered sequence

show an arcay towards piercing point E; their trend intersects the An-
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Fo sideline to a point which has 0.85 parts of An. The massive gabbros

plotted in figure 9.2G are mainly from the Upper Level Gabbro unit;

selected samples from other exposures are also plotted. The alkali

gabbro 726 is also shown on this projection. The trend defined by the

massive gabbros is away from the An-Fo sideline and towards the

piercing point E of this ternary. A troctolitic-gabbro intrusion (sample

380) into the layered olivine-gabbros at Handspike Pt., projects in the

olivine liquidus volume (figure 9.2F).

The majority of dolerite dykes plot in the anorthite liquidus

volume, An+L (figure 9.28). Both, glasses and basalts project in the

An+L volume. The glasses (figure 9.24) show a trend towards the An-Di

sideline. The tholeiitic basalts, mainly samples from the southern part

of the island, cluster in the An+L volume and close to the spinel

primary phase field and show a trend towards the An-Fo boundary

(figure 9.28). The alkalic basalts, mainly from the Green Gorge area

and the central part of the island, cluster around the low pressure An-

Sp univariant curve (figure 9.2D). The aphyric alkalic basalts define a

cotectic parallel to the An-Sp cotectic. Examination of the liquid and

solid paths during equilibrium and fractional crystallisation always

provides invaluable information (assuming that the piercing point E as

a true eutectic and ignoring the Sp+L field).

During equilibrium crystallisation of a liquid in the Fo+L

volume, the liquid path is away from the Fo apex. The rock type formed

is a dunite. W¡th further decrease in temperature, the liquid arrives at

the An-Fo cotectic boundary and anorthite starts crystallising. The

solid/liquid proportion is given by the tangent to the An-Fo boundary.

The rock now consists of forsterite and anorthite. As the liquid moves

towards the isobarically invariant point of the system (Fo+An+Di+L),

the rock composition becomes progressively more An-rich. When the
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liquid reaches the system's eutectic, then diopside commences

crystallising. Olivine-gabbro is thus produced. The rock path is

continuous and the rock types produced become progressively richer in

An.

The liquid path during fractional crystallisation is similar with

that in the equilibrium crystallisation case. The rock paths are

however different. When the liquid moves from its initial composition

towards the An-Fo cotectic boundary, a dunite is formed. On reaching

the An-Fo boundary, the liquid follows the down temperature path

towards the invariant point. The solid extract now consists of

anorthite and forsterite; the proportions of these phases are given by a

point on the An-Fo sideline, a point which is the intersection of the

tangent to the An-Fo boundary and the An-Fo sideline. The rock type is a

plagioclase-rich allivalite. There is therefore a jump in the rock

composition (or a "rock hop" following Morse, 1980). when the liquid

arrives at the piercing point E, diopside starts crystallising and the

rock that is now produced is an olivine-gabbro. When the liquid moves

along the An-Fo boundary towards point E, the solid extract

composition remains fixed at constant proportions of anorthite and

forsterite. When diopside commences cr¡¡stallising, there is another

rock jump from an anorthite+forsterite solid extract to an anorthite+

forsterite+ diopside solid extract, an olivine-gabbro. The rock path is

thus discontinuous. The intermediate allivalite is very similar to the

Macquarie lsland layered troctolite, and unlike the intermediate solid

extracts produced during equilibrium crystallisation. Although there

are olivine-rich troctolites at the base of the layered sequence (five

such samples are shown in figure 9.2E and 9.3) the overall troctolite

section is high in modal plagioclase. Therefore, fractional
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crystall¡sation of a basaltic melt better approximates the formation of

the layered rocks compared to equilibrium crystallisation.

The layered troctolites and olivine-gabbros plot as an arøy

from Fo-rich side to An-rich compositions in the Fo-An-SiO2 ternary as

well (figure 9.3). Sample 380 plots again in the olivine primary phase

field. The massive Upper Level gabbros plot in the An phase volume. The

dolerites and basalts plot mainly in the An+L volume, but also

extending to the spinel field, Sp+L. The dolerites as a group are more

silica saturated than the basalts. They come close to the plane of

silica saturation, line An-En, but they do not cross it. Assuming that

addition of other components to the system, such as Na2O, would

displace the equilibria towards more undersaturated compositions,

some of the dolerites would lie on the right hand side of the An-En

plane, achieving so silica saturation.

Because the natural olivine, plagioclase, and diopside are solid

solutions and their compositions lie off the Fo-An-Di plane, the

isobarically invariant point is not a true eutectic and the system Fo-

An-Di is not a true ternary. Consequently, phase relations are better

illustrated and understood by resorting to the quaternary Fo-An-Di-

S¡O2 system. ln the Fo-An.Di-SiO2 quaternary, the temperature

maximum (t) on the univariant cotectic a-p was determined to be

located on the SiO2-rich side of the An-Fo-Di plane at 1 atm pressure

(Presnall et al., 1978), and the invariant point a lies on the SiO2-poor

side of this plane. Therefore, the thermal divide (located at the

temperature maximium t when Fo, An and D¡ cocrystallise) is located

slightly on the SiO2-rich side of the An-Fo-Di plane and is graphicaly

depicted as Di".-Fo-An in figure 9.4. Fractional crystallisation of a

melt in the tholeiitic volume would produce a more silica rich residual

liquid; alternatively, a melt in the silica poor side would fractionate to
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a more silica undersaturated liquid. Therefore, the tholeiitic basalts

and the majority of the dolerites (Hy-normative) cannot be related to

the alkalic basalts (Ne-normative) by low pressure fractionation of the

cumulus minerals. The dolerites are as a group more differentiated

than the tholeiitic basalts; they could thus be derived by low pressure

fractionation from the more magnesian tholeiitic basalts.

The phase relations in the Fo-An-Di-S¡O2 system change

considerably with rising pressure. ln the An-Fo-Di join, Presnall et al.

(1978) showed that the primary phase fields of An and Fo contract and

the Di primary volume (Di+L field) expands with increasing pressure,

till the An+L field disappears between 15 and 20 kbar. ln the An-Fo-

SiO2 join, a similar change in the primary phase fields of An and Fo has

been observed with increasing pressure (Sen and Presnall, 1984). The

enstatite (En+L) and SiO2 primary volumes expand at the expense of the

An and Fo fields, till the An+L field disappears at 10 kbar. Hence,

melts formed at increasingly higher pressures become progressively

poorer in SiO2. Fractional crystallisation of such liquids at high

pressures produce less silica saturated residual liquids.

ln the Fo-An-Di-S¡O2 quaternary, increasing pressure causes

the thermal maximum (t) to move towards the silica poor side of the

An-Fo-Di plane and the invariant point a to move towards the SiO2 rich

side of this plane. Presnall et al. (1978) estimated that these points

meet at around 4-5 kbar and hencefore the thermal divide disappears at

this pressure interval. Fractional crystallisation at pressures between

4 and 12 kbar produces tholeiitic from alkalic basalts. The minimum

pressure range for the generation of alkalic basalts was placed by

Presnall et al. (1978) between 10 and 13.5 kbar, or approximately al 12

kbar. At this pressure range, the primary En field penetrates the An-Fo-

Di plane or the field of alkalic basalts. Primary alkalic basalts can be
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partial melts of a four phase (Ol+Opx+Cpx+Sp) peridotite at pressures

of more than 12-13.5 kbar. The Macquarie lsland alkalic basalts could

be partial melts of such peridotites at this high pressure range.

Fractional crystallisation of such alkalic liquids at high pressures,

less than 12-13.5 kbar, would produce tholeiitic basalts as residual

liquids. The alkalic basalts are hence favoured of being primary at high

pressures and could be parental to the tholeiitic basalts via high

pressure fractionation.

The order of appearance of the cumulus minerals in troctolites,

chromite+olivine-> plagioclase-> clinopyroxene, and the absence of a

thick succession of dunite cumulates suggest that the parental magma

composition was very close to the divarent surface abcdp in the Fo-

An-Di-SiO2 ststem (figure 9.4) and in the olivine primary phase volume'

The presence of cumulus chromite in troctolites and also chromite

phenocrysts and magnesian "Xenoçrysts" in lavas preceding or

cocrystallising with olivine, does not imply that the parental melts had

to lie in the spinel liquidus volume (Sp+L) or the Sp-Fo cotectic

surface. The reason is that the Macquarie lsland chromites are Cr2O3-

rich solid solutions with significant FeO content and not the MgAl2O4

spinels of the simplified CMAS system. The succession of troctolites is

followed by clinopyroxene-bearing troctolites. The appearance of

clinopyroxene comes shortly after the crystallisation of plagioclase.

The segregation of cpx-troctolites persists for a longer period of time

than that of troctolites. Typical olivine-gabbros appear later in the

cumulate succession. The crystallisation sequence of the minerals and

the relative thickness of the various units indicate that parent melt

remained on the divariant surface abcdp while segregating troctolites

and shortly afterwards moved to the Fo-An-Di cotectic a-p where

olivine, plagioclase and clinopyroxene co-crystallised.
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Turning to natural basaltic compositions now, the position of

the cotectic a-p will be a function of the Na2O and FeO content of the

melt. Addition of Na2O to the system will move the equilibria to more

silica undersaturated compositions (Hoover and Presnall, 1982).

Because natural diopsides and augites are solid solutions, the

Macquarie lsland Ca-rich pyroxenes have high enough Al2O s (>2/"wt) and

hypersthene component (figure 4.9), the coprecipitation of olivine +

plagioclase + clinopyroxene (assuming that olivine is free of CaO and

plagioclase is free of MgO which is the case for Macquarie lsland

cumulus olivines and plagioclases) will occur along the Ol-Plag-Cpx

cotectic curve paralleling the a-p cotectic (Biggar, 1983), and the

modal composition of the olivine-gabbros will be defined by the

intersection of this cotectic with the Dir"-Plag-Ol plane (figure 9.4).

Olivine disappears in the laminated gabbros of the layered sequence,

suggesting a reaction relation with the liquid. Low-Ca pyroxene is

absent however, suggesting that the residual liquids did not arrive at

the invariant point p of the system; the residual liquids were thus still

silica undersaturated.

ln figure 9.5, the fields of Macquarie lsland basalts, dolerites

and glasses are shown in the Plag-Ol-Cpx ternary. The inferred olivine-

plagioclase cotectic of Shido et al. (1971) for abyssal tholeiites, and

the cotectic defined by FAMOUS glasses (Bryan, 1979) are also shown in

figure 9.5. The Macquarie lsland glass field is on the plagioclase side of

these two olivine-plagioclase cotectics. The trend of the aphyric

alkalic basalts mimics the An-Sp cotectic in the simplified system Fo-

An-Di; it is not analogous to the trend shown by the Macquarie lsland

glasses. The trend of the tholeiitic basalts is away from plagioclase

olivine and towards pyroxene, approaching the olivine-plagioclase

cotectic of Shido et al. (1971). The field of dolerites overalps that of
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tholeiitic basalts. A few selected samples are also plotted in figure

9.5. The magnesian Hy-normative basalt 38284 (Mg#=70, Hy-

normative =5, Zr=121ppm) and the differentiated basalt 108C (Mg#=61 ,

Hy-normative =5, Zr=7ïppm) plotted in figure 9.5 show a subparallel

trend to the olivine-plagioclase cotectic of Shido et al. (1971), but on

the plagioclase side. The primitive dolerite dyke 220 (mg#=71, Hy-

normative =0.34, Zr=46ppm) and the differentiated dyke 153 (mg#=60,

Hy-normative =9, Zr=135 ppm) also define a trend on the plagioclase

side of the previous two ol-plag cotectics and the Macquarie glass

field. The displacement of the fields of both dolerites and tholeiitic

basalts to the plagioclase side of inferred glass cotectics suggests

that their compositions must be controlled by plagioclase

accumulation. This may be true for the plagioclase-phyric basalts and

dolerites; both are largerly plagioclase phyric. Aphyric basalts and

dolerites (Hy-normative) however are also displaced on the plagioclase

side of the glass field and there is no evidence for olivine control in

the compositions of either primitive or evolved basalts, dolerites and

glasses. The magnesian - evolved pairs shown in figure 9.5, suggest

that other processes must have been operatlng together with low

pressure fractionation. The trend shown by the aphyric alkalic basalts

is almost at right angles to the Macquarie glass trend and also the

inferred olivine-plagioclase cotectics from abyssal glasses from the

Mid-Atlantic Ridge. Such a trend cannot represent a low temperature

fractionation trend of olivine+ plagioclase+ Ga-rich pyroxene'

oto ^ ^ôôr r¡laliar ri¡{r r a l.'ll tr)r ^ê nl-Ql crrelartr



9.'1 6

Walker et al. (1979) used the plagioclase - olivine - diopside -

silica tetrahedron for plotting basalt compositions. Their projection

technique does not utilise CIPW normative minerals. Instead, the

percentages of the four end members are calculated by combining the

molecular proportions of the major oxides.

Selected data from the Macquarie lsland basalts and dolerites

are plotted in the OL-Dl-Sl and OL-PL-SI projections in figures 9.6 and

9.7 respectively. The tholeiitic basalts and dolerites show a trend from

tholeiitic to mildly silica undersaturated compositions. The alkalic

basalts and the glasses extend from olivine-normative towards

nepheline-normative compositions. The primitive basalts 38284

(mg#=70, =15o/o normative olivine) and 234 (mg#=72, =12/o normative

olivine) project on the lSKbarot-di cotectic. The primitive dolerite

38334 (mg#=69 , =11o/o normative olivine) projects on the 15 kbar opx-

di cotectic. Also plotted in figures 9.6 and 9.7 are the primitive

abyssal glasses of Bender et al. (1978), Green et al. (1979) and Stolper

(1980). They come close to the 10 kbar cotectic. The composition 3-

18-7-1 + 171" olivine Foe6 of Green et al. (1979) plots about the 16 kbar

ol-opx cotectic (composition G in figure 9.6 and 9-7).

The ol-opx cotectic moves from Q-normative to olivine-

tholeiitic compositions in the pressure range 1 atm - 10 kbar. Between

10 and 15 kbar, lhe ot-opx cotectic moves towards silica

undersaturated compositions and between 15 and 20 kbar, towards

alkalic (Ne-normative) compositions. ln the pressure range 10-15 kbar,

tholeiitic liquids will fractionate (eventually) to silica undersaturated

liquids (towards the left hand side of the OL-DI-PL plane) along the o/-

cpx cotectic (Stotper, 1980). At pressures of more than 15 kbar,

liquids multiply saturated with ol+opx+di become progressively silica

-undersaturated, and at 20 kbar the coteclic ol+opx+di crosses the
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plane of silica saturation (OL-PL-Dl); the petrogenetic implication is

that olivine-tholeiites fractionate to alkali-basalts and liquids formed

at around 20 kbar are Ne-normative.

The multiply saturated point ol+opx+cpx+liq moves towards the

OL-PL-DI plane with increasing pressure. At some pressure more than

15 kbar, this point crosses the OL-PL-DI plane; at this pressure range,

liquids fractionate from olivine-tholeiitic to alkalic compositions. The

exact location of the 10 kbar ol+opx+cpx cotectic is crucial and hotly

debated. lf the most primitive MORBs (MgO>9.S%wt) lie on this

cotectic, then can be primary melts generated at around 10 kbar

pressure; such an interpretation is favoured by Fujii and Bougault

(1983). lf they do not approach this cotectic but only come close as

suggested by Stolper (1980), then they are not primary melts generated

at the low pressure range but derivative melts produced from primary

picritic melts (formed at high pressures =20kbar) by extensive olivine

fractionation; this model is supported by Green and his colleagues.

An olivine-rich normative basalt such as composition G (27%

normative olivine) can produce the dolerite 38334 by polybaric olivine

fractionation; the liquid path will be away from the OL apex and will

cross lhe ot-opx cotectics at different pressures. lt can also be

produced by a more olivine-rich melt by greater amounts of olivine

fractionation. Another way of deriving the dolerite 38334 is from a

less magnesian liquid saturated with ol+opx at pressures between 12

and 15 kbar and fractionating only a minimal amount of olivine. The

most magnesian Hy -normative Macquarie lsland basalts and dolerites

plot close to the primitive abyssal glass compositions b, g and s. These

samples can be produced by olivine-rich normative liquids saturated

with ol+opx at pressures of more than 10 kbar, such as composition G,

by olivine fractionation. All these models or deriviation scenarios
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involve only olivine extraction from parental olivine-rich normative

liquids, segregating from source peridotite at high pressures (15-20

kbar) and leaving behind a residue of ol+opx, a residual harzburgite;

such a petrogenetic scenario is in agreement with the model of Green

et al. (1979).

Other models can atso be considered and are permissible by

phase relations. Basalts plotting between the 10 and 15 kbar ol-opx

cotectics could be derived from liquids saturated with ol+opx+di and

segregating from their source at pressures of less than 15 kbar. Such

liquids would fractionate opx+cpx, that is fractionate along the opx-

cpx cotectic; in this case, they would produce liquid compositions

similar to basalts 38284 and 234, and leave behind a lherzolite

residue. Basalt 98284 could have been derived from a parent melt such

as composition G, via ol+opx crystallisation at 15 kbar and then

opx+cpx crystallisation at 15 kbar (liquid following the respective

cotectics); in this case, the resídue would be made of

olivine+orthopyroxene. Such models however require high pressure

clinopyroxene fractionation. The perils of high pressure cpx

fractionation are discussed in a following section of this chapter.

Returning to the 1O kbar multiply saturated liquids, they plot

as points, variably described as cotectics or "pseudoinvariant" points.

It is apparent that the origin of the most primitivive MORB

compositions relate to the nature of these cotectic or

"pseudoinvar¡ant" points, and furthermore on the melting process.

Presnall et al. (1979) considered that the partial melting of a

simplified peridotite (Fo+En+Di+SptAn) at the 9 kbar cusp is

isobarically invariant. Fujii and Scarfe (1985) showed that this is

certainly not the case during partial melting of natural peridotite

compositions. Melts produced by direct melting of peridotite at 10 kbar
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do not project as points in the OL-Dl-Sl and OL-PL-SI diagrams, but

occupy areas. Presnall and Hoover (1984) on the other hand attributed

the variations in the normative mineralogy and silica saturation of

magnesian MORBs to analytical uncertainties and "real variations in the

possible compositions of primary magmas produced from mantle

peridotite at a given pressure". The FeZ* and Fe3+ content of the

Macquarie lsland basalts and dolerites have been calculated from the

total iron content assuming that Fe2Os --15% of total iron. lf the Fez*l

Fe3* ratios are even higher than the estimated ones as is suggested by

the recent work of Christie et al. (1986), then most of the Macquarie

lsland Hy-normative basalts and dolerites would change to more

olivine-rich normative compositions. For instance, basaltic glass

47979 has 7"/" Hy and 1O% Ot in its norm. Assuming all iron as Fe2*,

then the recalculated norm mineralogy would consist of 3/" Hy and 17"/"

OI. Similarly, basalt 38284 has 5.5% normative hypersthene and 15%

normative olivine; assuming all iron in the ferrous state, normative

olivine increases to 22/" and normative hypersthene reduces to 1%. The

normative mineralogy could thus be a source of error. An interesting

discussion on this topic was presented by Thompson (1987).

In summary, following the findings of Fujii and Scarfe (1985)

which indicate that the cotectics at any given pressure are not points

but isobaric curves, it is possible that some of the most magnesian

MORB compositions (MgO>9.5%wt) could be direct partial melts from

mantle peridotite at around 10 kbar. Some of the most magnesian

basalts and dolerites from Macquarie lsland such as 234, 47979,

38288, 38284, 38334 could have been derived from primary melts

originating at around 10 kbar through small degrees of olivine

fractionation. However, there is always the possibility of deriving

these basalts by extensive olivine fractionation from primary picritic
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melts. The basalts and dolerites that lie close to the 1 atm cotectic

represent liquids that have been derived by low pressure fractionation

of olivine + plagioclase + clinopyroxene.

The Macquarie lsland harzburgites and the most magnesian

glasses and (close to aphyric) basalts and dolerites are plotted in the

OL-Dl-Sl projection together with data from primitive abyssal glasses

and experimentally studied peridotite compositions in figure 9.8. The

basalts show variable degrees of silica saturation for similar Mg#

values. Examination of the following table shows that the most

magnesian aphyric basalts-dolerites ranEe from Hy- to Ne-normative,

Sample ]t/P HY Aþ

38334 9.5/" 11.7%

47979 9.3% T/"

234 9.45% æ/"

38284 9.4/" 5.5%

38306 9-5% 1.5/"

38288 =9/o - 0'3%

381 BB 11.2"/" - 0'4/"

It is also shown in figure 9.8 that most of the experimentally produced

10 kbar melts of Fijii and Scarfe (1985) form an array. The spinel-

lherzolite HK66 and the 10.5 kbar melts produced by direct melting of

HK66 (Takahashi and Kushiro, 1983) are also plotted in figure 9'8.

Phase relations in this ternary (OL-Dl-Sl) suggest that if

pyrolite is the source and melting takes place al 20 kbar (and assuming

a multiply saturated liquid lying at the 20 kbar ol+opx+cpx

pseudoinvariant point), then the residual peridotites will be very

similar to the Macquarie harzburgites. lf melting of the same source

occurs at 15 kbar, then the residue will be more olivine- rich. Finally,
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if melting takes place at lower pressures and approximately at 10 kbar,

the residue will be even more dunitic. Assuming now a source similar

to the HK66 spinel-peridotite (Takahashi and Kushiro, 1983), the

residues produced at 10, 15 and 20 kbar will be more silica rich than

those produced from pyrolite at the respective pressure interval'

The model of Green et al. (1979) dictates generation of picritic

melts al <20 kbar and subsequent fractionation of large amounts of

olivine to arrive even in the most primitive MORB compositions.

Following the phase relations in the OL-Dl-Sl projection (figure 9.8),

melts formed at =2Okbar cannot produce the entire aïay of the most

primitive Macquarie lsland basalts via extensive olivine fractionation.

They can however leave behind a residue similar to the Macquarie

lsland harzburgites. Melts produced at high pressures 15-20 kbar from

small percentages of melting of a pyrolite source will be Ne-normative

ln such a case however, the residues will be lherzolites and not

harzburgites. Melts produced at less than 15 kbar will be Ol-normative

and will fractionate to more silica saturated liquids. The Macquarie

basalts-dolerites show a continuous range from Ne- lo Hy- normative

compositions. At high pressures 15-20 kbar, isobaric ol+cpx

fractionation is required to produce some of the most primitive

undersaturated basalt compositions (figure 9.8). The complete lack of

any evidence for ol+cpx high pressure fractionates in both Macquarie

lsland and oceanic samples are not in favour of such a high pressure

fractionation scenario.

The 10.5 kbar melts produced from the HK66 sp-lherzolite

(Takahashi and Kushiro, 1983) would produce more silica-rich

compositions upon olivine fractionation. These liquids will be more

silica-rich than the primitive Hy-normative Macquarie lsland
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compositions (trend d-e-f in figure 9.8). The residues so produced will

also be more silica-rich than the Macquarie lsland harzburgites.

Small amounts of melting of a pyrolite source at pressures

between 15 and 20 kbar will produce liquids in equilibrium with cpx-

poor lherzolite which will eventually become a harzburgite on further

melting and will be like the Macquarie harzburgites. lf melting wa at

low pressures, <12 kbar, and the source still a pyrolite then the

residues would be more olivine-rich than any of the Macquarie

harzburgites (figure 9.8). lf however under these lower pressure

conditions, the source were the spinel-lherzolite HK66 (Takahashi and

Kushiro, 1983) then again the residues would be like the Macquarie

harzburg ites.

Based on these arguments, it is difficult to determine the

precise pressure range within which the Macaquarie lsland

harzburgites were formed. The trend of the Macaquarie lsland basalts

and dolerites clearly does not reflect fractionation because the ar(ay

does not represent any consistent trend of Mg# values. As a

consequence the basalt trend is interpreted as the result of polybaric

melt evolution.

Finally, certain differences in liquids and liquid paths between

the CMAS and the OL-DI-PLAG-SI systems are worth noting. In the OL-

Dl-Sl projection, inferences from natural basaltic compositions

indicate that tholeiitic liquids fractionate to alkalic liquids via

olivine+ clinopyroxene crystallisation at 10-15 kbar pressure (Stolper,

1980). ln the CMAS system, alkalic liquids fractionate to tholeiitic in

the same pressure range (Presnall et al., 1979). lf such a discrepancy

reflects on the higher Ol/D¡ ratios of the natural basaltic compositions

relative to the simplified ones, or the spinel crystallisation (suggested

by Presnall but not favoured by the Macquarie lsland data presented
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here) is still uncertain. Analytical uncertainties could also play an

important role.

9.3 Partial melting moFelling

Major elements constitute more than 99% of MORBs and their

source composition. The behaviour of major elements during partial

melting of oceanic upper mantle peridotite is therefore invaluable for

constraining the chemistries of the source peridotite and the generated

partial melts. Phase diagrams have been employed by Presnall (1969) to

model the partial melting processes on simplified systems. Hanson and

Langmuir (1978) used mineral-melt distribution coefficients, mass

balance considerations and the olivine stoichiometry to constrain the

FeO and MgO distribution during partial melting of a model upper mantle

peridotite composition. This section examines the variation of FeO and

MgO during partial melting of a source peridotite model composition

and its bearing on the compositions of partial melts and residues. The

distribution of transition metal abundances in basalts and

harzburgites; model source calculations for producing these

abundances. The source composition is then evaluated on the basis of

the Macquarie lsland residual harzburgite and most MgO-rich basalt

compositions.

9.3.1 FeO-MgO modelling

The modelling of partial melting using the approach of Hanson

and Langmuir (1978) permits the construction of fields for partial

melts and residues from a model mantle peridotite composition. Figure
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9.9 has been constructed after the method of Hanson and Langmuir

(loc.cit.) for a source peridotite of model pyrolite composition. The FeO

and MgO contents of model pyrolite are from Ringwood (1975). Partial

melting curves have been constructed for batch melting and drawn for

minimum (0% melting) and maximum (assuming that olivine is the only

phase in the residue) melting percentage. Olivine fractionation curves

are superimposed. The residue field is contoured for percent of melting

and temperature.

The FeO and MgO contents of Macquarie lsland aphyric lavas,

glasses and harzburgites are plotted in figure 9.9. Most of the lavas and

glasses plot below the 0% melting curve at temperatures of around

1200oC; they therefore cannot represent unfractionated melts formed

by melting of a pyrolite source. Two samples plot on the 10% melting

curve; these are basalt 38188 and glass 47979. Glass 47979 plots at a

lower temperature than basalt 38188. These two samples can represent

melts generated by partial fusion of pyrolite. The most MgO-rich

basalts suggest that their parental melts fractionated around 10%

olivine. The Macquarie lsland harzburgites plot between the 10% and

20"/o melting curves and the 10000-1200oC temperature curves. Most

samples indicate that they are the residues of 15-20% melting at

around 1200oC.

The melt field is fixed for a given parent composition and

constant distribution coefficients at a particular pressure. The

distribution coefficients however increase with increasing pressure.

As a result, the melt field changes with increasing pressure. The value

of the Fe-Mg exchange distribution coefficient applicable to the

conditions of formation of Macquarie lsland rocks should be in the

range of 0.27-0.3. For this range, the change in the melt field is minor

(Hanson and Langmuir, 1978). The liquidus and solidus temperatures of
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the parent pyrolite increase with increasing pressure. Because the

composition of pyrolite is fixed on the FeO-MgO diagram and the melt

field upper bound isothermal line must pass through the pyrolite

composition, increasing pressure will raise the isothermal lines within

the melt field, but will not change the melt field (Langmuir and

Hanson, 1980). The 1 atm melt field in figure 9.9 can thus be used for

high pressures as well. The parent composition also influences the melt

field; increasing MgO results in narrowing the melt field, and

increasing FeO shifts the melt field towards higher FeO/MgO ratios

(Langmuir and Hanson, 1980).

lf the source was less fertile than the pyrolite, say a depleted

spinel-lherzolite with higher MgO-content than pyrolite, then the two

basalts plotting on the 10% melting curve in figure 9.9, would plot at a

melting curve of less than 10% partial melting. Basalt 38188 could

represent a higher pressure melt than glass 47979. The subparallel to

the FeO axis trend of the less magnesian basalts could suggest

deríviation from a more FeO-rich source than the last two basalts. The

harzburgítes do not show any trend towards FeO rich compositions,

thus denying this possibility. The more MgO-rich basalts would be

derived by a parental melt similar to basalt 38188 through olivine

f ractionation.

9.3.2 Transitíon Metals

The transition metal 1ru¡ Sc, V, Ti, Mn, Ni, Co and Cr

abundances are high in both basalts and harzburgites, and accurately

measurable by XRF techniques. The concentrations of TM in basalts and

harzburgites can thus be employed for constraining the source



9.26

concentrations of these elements. The TM concentrations in basalts are

not however process independent, that is differentiation processes

primarily crystal fractionation- do influence their abundances in the

residual liquids. This problem is minimized if data on the most

primitive (MgO-rich) basalts are utilised. lt was inferred in a previous

section that the most primitive Macquarie lsland basalts have

fractionated only olivine+spinel; therefore, their Ni and Cr contents

might have been modified. Sc and V abundances are controlled by the

amount of clinopyroxene in the residue and the percent of clinopyroxene

crystallisation. The concentrations of Sc and V in the basal troctolites

are very low, =10 ppm and < 40 ppm respectively (figure 6.6). Because

the least fractionated basalts could only be controlled by the olivine-

rich troctolite cumulates, it is inferred that Sc and V abundances in

basalts are unlikely to have been modified by olivine (+minor spinel)

and plagioclase accumulation. Ti behaves as an incompatible element,

and the Mn content of basaltic melts is controlled by olivine

f ractionation.

The transition metal abundances of Macquarie lsland

harzburgites and most magnesian basalts are normalised to C1

carbonaceous chondrites (normalising values from Anderson, 1983) and

plotted in figure 9.10A. The harzburgite pattern shows a marked Ti

depletion; sample 163 shows only a minor Ti anomaly. The basalt

pattern shows a positive Ti anomaly and a negative Cr anomaly; such a

pattern is similar to that of the least fractionated basalts from the

Mid-Atlantic Ridge (Langmuir et a|.,1977). Sun et al. (1979) and

Langmuir et al. (1977) commented on the uniform TM contents of the

most primitive basalts from mid-oceanic ridges and ocean islands, and

the relatively constant mantle abundances.
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The transition metal abundances in liquid and residue during

partial melting of a mantle peridotite were modelled using the batch

meltingequation(Shaw,197o),+=+,whereCliqisCo Do+F.(1-p) ' t"

the concentration of an element in the liquid, Co the concentration of

this element in the initial solid, F is the fraction of the liquid

produced, and Do is the bulk distribution coefficient. Do= I ¡a(a/liq,

where (a/liq is the crystal-liquid distribution coefficient for the

element of interest between mineral a and liquid, and xa is the initial

weight fraction of mineral a. P = I pa . (a/liq, where p" is the fraction

of liquid contributed by mineral a. The values for the distribution

coefficients utilised in the modelling and the source TM abundances are

from Sun et al. (1979). ln addition, the mass balance equation Cres =

HwhereCres,C9andC¡¡qaretheconcentrationsofagiven
element in residue, source and liquid respectively was also employed in

the calculations assuming a residue consisting of 69"/" olivine, 25/" opx,

5-2/" cpx and 1% spinel, a mode similar to that of Macquarie lsland

harzburgites. The observed patterns (figure 9.104) are reproduced by

20o/o fielting of a lherzolite source consisting of 70/" olivine, 12/o opx,

16% cpx and 2/" spinel; the calculated values in source, liquid and

residue are normalised to C1 chondrites and plotted in figure 9.108. The

less refractory harzburgite 163 can be produced by 15% melting of a

similar source lherzolite with 18% modal cpx. There is very good

agreement between the calculated and observed patterns. Partial

melting of a peridotite with transition metal abundances very similar

to those of spinel-lherzolite xenoliths in basalts (Frey and Prinz, 1978;

Maaloe and Aoki, 1977) can generate the observed basalt and

harzburgite concentrations.
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The negative Cr anomaly of basalts is either caused by the

presence of residual spinel or by the early spinel separation from

basaltic melts. Variations in the source mantle Cr-contents could also

influence the Cr contents of basalts. The value of 2600 ppm in the

source peridotite was selected, because it is intermediate to the

values given by Jagoutz et al. (1979) and Anderson (1983), 3150 ppm

and 1970 ppm respectively. By varying the source Cr content between

these limiting values, the estimated liquid Cr-content shows only

minor changes; its normalised value changes by a factor of two. lt is

therefore likely that the negative Cr anomaly of basalts is related to

two superimposed effects, the amount of spinel in the residue and the

early chromite crystallisation from a basaltic magma.

The negative T¡ anomaly of harzburgites simply indicates that

Ti was incorporated into the liquíd. The Ti and V abundances of basalts

are however more variable. The distribution coefficients for these

elements in mantle minerals are not well constrained and are also

dependent on /O2 (Shervais, 1982). Langmuir et al. (1977) suggested

that the observed Ti and V variation in basalts can be explained by

melting of a mantle which is heterogeneous in Ti and V abundances.

This is supported by the different T¡/V ratios of tholeiitic basalts,

alkali basalts and spinifex textured peridotites (Nesbitt and Sun,

1980). Basaltic melts produced by melting of a homogeneous source and

fractionating olivine under low /O2 (OFM and lower) would be displaced

along constant Ti/V trends. The trends shown by the Macquarie lsland

basalts in figures 7.8 and 7.9, suggest that the tholeiitic basalts,

plotting along constant Ti/V trend lines, had a source with uniform Ti

and V abundances. The alkalic basalts, crossing constant Ti/V lines,

derived from sources with varying T¡/V ratios; their source regions

were not homogeneous in respect to the Ti and V abundances.
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Model calculations based on the concentrations of TM in basalts

and harzburgites suggest an initial source peridotite containing about

70"/" olivine, 12o/o opx, 16-18% cpx and 1-2% spinel. Moderate degrees of

partial melting (15-20%) of such a source peridotite are also inferred.

This initial peridotite had relatively uniform concentrations of

transition metals except for Ti and V. The source regions of tholeiitic

and alkalic basalts had different abundances of Ti and V; tholeiitic

basalts are derived from a homogeneous source, and alkalic basalts

from a source with Ti and V heterogeneities.

9.3.3 Source composition

Experimental studies on basaltic systems show that an original

"fertile" upper mantle lherzolite produces basaltic magma on partial

fusion, and leaves behind a residue consisting mainly of olivine,

orthopyroxene and clinopyroxene (+spinel or plagioclase). The Macquarie

lsland harzburgites consist of olivine and orthopyroxene (opx), with

minor interstitial clinopyroxene (cpx) and spinel. Studies on the modal

mineralogy and mineral chemistry of abyssal tectonised peridotites

suggest that they are predominantly harzburgites and lherzolites, and

that their opxs are saturated with a high-Ca cpx even in the most

refractory rocks (Dick and Fisher, 1984; Michael and Bonatti, 1985).

This observation led Dick and Fisher to conclude that melting in the

oceanic upper mantle occured in the four phase field olivine-opx-cpx-

spinel. The mineralogy of Macquarie lsland harzburgites suggests that

the partial melting process ended before the entire amount of cpx was

consumed. Assuming an initial cpx content of 20/" in the original

undepleted mantle lherzolite, then the degree of melting would be in
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the range of around 15-20%. Similar percentages of melting have been

inferred before from major and trace element modelling. A lherzolite

with 20"/" modal cpx, would be compositionally very similar to the

peridotites ppM-l and ppM-2 (table 9.3) and peridotite-basalt mixtures

SM2 and SM4 (table 9.2) of Fujii and Scarfe (1985); these reconstructed

peridotites are however very "fertile", as is the spinel-lherzolite

studied by Takahashi and Kushiro (1983).

By combining the compositions of the Macquarie lsland basalts

and harzburgites, the source composition can be evaluated. Four basalts

were selected on the basis of their high mg# ratios and different

degree of silica saturation. These are the MgO-rich basalts 38188,

38284 and 234 and the magnesian basaltic glass 47979. They range

from mildly Ne-normative to Ol- Hy-normative (table 9.1). The

composition of glass 47979 is from microprobe analysis (Griffin,

1982). Two representative harzburgites, samples 107 and 163, were

also selected for the following calculations. Sample 107 has lower

FeO* (totat Fe), Al2Og, Ti and higher MgO than sample 163, and is

probably more depleted. The basalts are not melts at equilibrium with

the harzburgite olivines; also, they cannot crystallise the very

magnesian olivine xenocrysts of basalt M14. Their MgO and Ni contents

are thus modified by olivine fractionation. lt was inferred in the

previous chapter that all these basalts have fractionated small

amounts (2-5%) of olivine. For this reason, 2-5% of olivine Foes was

added to their bulk composition. The recalculated basalt compositions

(after olivine addition) are also listed in table 9.1. The resulting

composition has higher MgO and Ni than the starting basalt

composition; changes in Al2O3, CaO, Na2O contents are too small (<0.3%)

to exert any influence in the calculated source composition. The latter

basalt composition is then combined with the harzburgite composition.
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The source composition was calculated for different proportions of

basalt-harzburgite, and results for combiningl5 parts basalt and 85

parts harzburgite are listed in table 9.1.

Several peridotite compositions are listed in table 9.2. They

range from very refractory (low CaO, Na2O, Al2O3 and high MgO) to

relatively "fertile" (low in MgO and NiO, and relatively high in CaO,

Al2O3, Na2O and FeO.). The estimated source composition from the

combined Macquarie lsland harzburgite-basalt data compares with the

composition of pyrolite, although pyrolite has higher CaO and Na2O and

slightly lower MgO. The estimated source composition is less depleted

than the average continental spinel-lherzolite of Maaloe and Aoki

(1977) and Tinaquillo lherzolite (composition from Jaques and Green,

1980). The spinel+plagioclase lherzolite 77PAll-1 from Hawaii has

higher MgO, lower FeO* and Na2O than the estimated Macquarie lsland

mantle source, but comparable Al2O3 and CaO. Sen (1982) showed that

this depleted lherzolite begins to melt at 121OoC (9 kbar pressure) and

produces melts compositionally similar to primitive/primary MORBs

(table 9.3). The spinel-lherzolite HK66 studied by Takahashi and

Kushiro (1983) is more fertile than the 77PAll-1 lherzolite; melts

produced above the solidus of HK66 kbar are olivine-tholeiites at 8-10

kbar and alkali-olivine basalts at 15-20 kbar. The 8-10 kbar melts are

very similar to primitive MORBs (table 9.3). The starting compositions

pyrolite minus 40% olivine and Tinaquillo lherzolite minus 40% olivine

of Jaques and Green (1980) are considerably more fertile than the

pyrolite, spinel-lherzolite 77PAll-1, garnet-lherzolite PHN 161 1 and

the source composition estimated from the Macquarie lsland basalt-

harzburgite data. The peridotite-basalt mixtures SM2 and SM4 of Fujii

and Scarfe (1985) are made up of 15 parts of basalt and 85 parts of

peridotite, and are equally fertile to those of Jaques and Green (1980).
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Melts formed at 10 kbar and temperatures between 12500-1300oC,

display wide compositional variations particularly for Al2O3 and MgO;

these 10 kbar melts are identical to magnesian MORBs (table 9.3). lt is

evident from the melting experiments of Takahashi and Kushiro

(loc.cit.) and Fujii and Scarfe (toc.cit.) that the different degree of

mantle fertility exerts a major control on the melt composition, a

point already raised by Thompson (1987).

Similar results are obtained for the source composition if the

constituent mineral compositions of harzburgites (according to their

respective modal proportions) are used instead of the whole rock

chemistry. Representative mineral analyses (average of several

microprobe analyses) of olivine, opx, cpx and spinel from the

harzburgites are combined to give an average "estimated" harzburgite

composition (table 9.4a). The source compositions estimated by this

method are listed in table 9.4b. They have higher MgO and CaO, lower

FeO, similar alumina content and comparable Na2O, T¡O2, MnO and NiO

contents than the calculated compositions from the whole rock

harzburgite concentrations. The minor differences can be justified by

the very low contents of Na2O, T¡O2, MnO and NiO in the constituent

minerals. The estimated compositions show higher MgO, and lower TiO2,

Al2O3, CaO and Na2O than the peridotite- basalt mixtures of Fujii and

Scarfe (1985), and the starting compositions pyrolite-4O% olivine and

Tinaquillo lherzolite-40% olivine of Jaques and Green (1980). They are

more depleted than the pyrolite and spinel-lherzolite HK66. They are

however comparable to lherzolite TzPAn-1 and Tinaquillo lherzolite

with similar oxide contents except for Na2O and TiO2.

9.4 Trace Element Petrogenesis
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The abundance of trace eleements in basalic magmas is a

function of (1) their abundance in the source upper mantle peridotite,

(2) the extent of partial melting of this source, (3) the kind of partial

melting (equilibrium or fractional) and (4) any subsequent magmatic

processes such as fractional crystallisation and intermixing of

magmas. Two extreme positions are currently held by petrologists.

These are, (i) primitive basalts are direct mantle derived melts and

(íi) all basalts, even the most primitive, are the result of

fractionation and mixing at open system magma chambers located at

high crustal levels. The trace element abundances of Macquarie lsland

basalts are examined in this section to assess possible crystal

f ractionation or partial melting controls.

9.4.1 Fractional Crvstallisation

The effects of fractional crystallisation are tested by mineral-

melt equilibria (chapter eight) and least squares mixing methods

(chapter seven and section 9.5 of this chapter). lt is documented that

compositional differences amongst spatially associated basalts can be

accounted for by olivine+plagioclase+cl¡nopyroxene fractionation. The

effect of fractional crystallisation of these phases on the

concentrations of the incompatible trace elements in basalts is

assessed in this section.

The immobile incompatible elements Zr and Nb have very low

crystal/liquid distribution coefficients (for ferromagnesian minerals

and plagioclase) and therefore their concentrations are the least

affected by fractionation of such phases. Both elements show a wide
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range in abundances in the Macquarie lsland basalts. Some of the most

magnesian basalts could relate to the evolved basalts by gabbroic

fractionation (mixing calculations - tables 9.9). The bearing of gabbroic

fractionation on the abundances ol Zr and Nb in the residual liquids is

tested for Rayleigh fractionation using the expression çliq=ço.¡(D-1)

(Shaw, 1970); Cliq concentration of an element in the resulting liquid,

Co initial concentration of this element in the magma and / is the

fraction of remaining melt. Selected results arc listed in table 9.5.

Basalt 38288 has 96ppm Zr and 37ppm Nb; a residual liquid produced

from this MgO-rich basalt via =30"/" gabbroic fractionation, gabbroic

extract consisting of 64/"plag + 22/"ol + 14/"cpx, will have similar Zr

and Nb concentrations with the differentiated 38307 basalt; a similar

percentage of gabbroic fractionation is indicated by major element

least squares calculations. There is thus good agreement between

major and incompatible element contents. Similar conclusions are

drawn for basalts 38284 and 38434 from the same locality.

Fractionation of gabbroic rocks from the primitive basalts 38188 and

234 results in residual liquids with Zr and Nb contents similar to some

of the evolved basalts and dolerites such as basalts 108, 147, 1 19 and

others. Thus, some of the observed incompatible element variations are

attributed to closed system gabbroic fractionation.

Nevertheless, not all compositional variations can be accounted

for by crystal fractionation. Some of the compositional features of the

most magnesian basalts are listed in table 9.6. Basalts 234 and 38288

have similar mg# ratios, comparable Ni content, but very different Zr

and Nb content; in addition, basalt 234 is Hy-normative and basalt

38288 is Ne-normative. lt requires 58% gabbro fractionation to derive

the high-Nb basalt 38288 from the low-Nb basalt 234. Such an amount

of crystal fractionation is ruled out by the N¡ content of these basalts.



9.35

Unrealistic percentages of crystal fractionation are required when

attempting to relate the other basalts listed in table 9.6. The dolerite

38334 cannot be related by any crystal fractionation model to the most

primitive basalts, at both high and low pressures. These differences

can only be attributed to compositionally different parental magmas

and therefore different source region geochemical characteristics. Two

groups of basalts-dolerites can be distinguished on the basis of their

ZrlNb ratios, (i) a high ZrlNb (3-15) group and (ii) a low ZrlNb (2-3)

group. ln the low ZrlNb group, the Zr and Nb contents of basalts are in

the ranges of 50-70ppm and 1-20ppm respectively. lt has also been

inferred from several detailed studies of oceanic basalts that their

ZrlNb ratios, as well as other incompatible element and isotopic

ratios, reflect those of the source peridotite (Erlank and Kable, 1976;

Schilling et al., 1983).

9.4.2 Partial Melting

It was inferred in the previous section that not all

incompatible element abundances of Macquarie lsland basalts and

dolerites can be attributed to low pressure crystal fractionation. The

variation of ZrlNb and other incompatible element ratios suggest that

the range of the incompatible element ratios is a partial melting

effect. Table 9.6 gives a summary of the range of Zr and Nb contents,

and ZrlNb and mg# ratios for some of the most magnesian Macquarie

lsland basalts and dolerites. The very different ZrlNb ratioss for

similar mg# ratios provides strong evidence for the influence of

partial melting processes.
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The effects of the degree of partial melting on the

concentrations of Zr and Nb have been examined for batch melting and

Rayleigh melting. The batch melting equation + = =--+Co - Do+F.(1-Do) and

C liq 1

the Rayleigh melting expression Co Do*(1-F)(1/Do-1)

(Shaw,1970) were used in the calculations. The source region was

modelled for a "depleted" composition similar to the less refractory

Macquarie lsland peridotite and a "less-depleted" composition similar

to that inferred from the transition metal abundances, and for

primordial mantle and upper mantle Zr and Nb concentrations. The

degree of melting was estimated trom 2/" to 30%. Results for batch

partial melting are plotted in figure 9.11 . The batch melting results are

combined with the Macquarie lsland data from the volcanic rocks.

Figure 9.12 shows the variation of Zr with Nb for the tholeiitic

basalts; superimposed are the melting curves for the two different

source mineralogies and source Zr and Nb abundances. The Macquarie

lsland data from the tholeiitic basalts suggest a "less depleted" mantle

source with low Zr contents =11pprn, intermediate Nb contents 0.6-

2ppm, and moderate degrees of partial melting 10-30%. Data from the

alkalic basalts are shown in figure 9.13. The calculated partial melting

curves for a relatively "fertile" mantle source with a high Zr

concentration (27ppm) are inconsistent with the trend shown by the

alkalic basalts. The best approximation of the observed trend is

obtained by a low Zr (11ppm) source and relatively fertile in Nb source,

=2ppm Nb (figure 9.138). The alkalic basalts lie on the concave side of

the curve suggesting that mixing of different melt fractions, from >2/"

to <187o, could be an important process in the formation of some of the

observed compositional variations.
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Figure 9.14 is a plot of the ZrlNb versus lhe ZrlY ratios of the

Macquarie lsland basalts. The data points show a good correlation,

defining a hyperbola. Such a trend suggests mixing between two end

member components, a "depleted" and a relatively "enriched" component.

Binary mixing was tested by the method of Langmuir et al. (1978) using

as end member components the depleted basalt 210 and the less

depleted basalt 38288. Basalt 38288 has a low ZrlNb ratio, 2.6, and

basalt 210 a high, 12.7 (see also table 7.1). lt is shown that the

calculated mixing curve is very similar to the best fit curve to the

data. ln the companion plot of ZrlNb versus Y/Nb, also shown in figure

9.14, the Macquarie lsland data show a good positive correlation. The

calculated mixing line from the "depleted" basalt 210 and the "less

depleted" basalt 38288 is identical to the best fit line. The excellent

agreement between the observed data trends and the calculated binary

mixing curves in both plots suggests that binary mixing between such

two end member components, can account for the observed range of the

Macquarie lsland basalt ZrlNb ratios. The petrogenetic implications

dictate two possible processes; binary mixing between a "depleted" and

an "enriched" component representing either melts derived from

different source regions (a depleted and an enriched respectively), or

magmas derived from the same mantle source but from different

degrees of partial melting. In the latter case, the enriched component

would represent small degrees of melting possibly at greater depths

than those required for the generation of tholeiitic basalt magmas.

lsotopic data are required to evaluate the most likely process.

9.5 Assessement of Processes Controlling the

Gompositions of Macquarie lsland Basalts
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The observed compositional spectrum of oceanic basalts can be

assigned to two complementary processes: (1) partial melting of an

upper mantle peridotite which yields primary basaltic magmas and (2)

magmatic processes which modify the compositions of these primary

magmas. The composition of a primary magma originated at the upper

mantle will be a reflection of the given peridotite mineralogy and the

degree of partial melting. The ratios of the incompatible elements

would reflect the ratios of the mantle source. The dominant magmatic

process is known to be fractional crystallisation at low pressures, <1-

2kbar and possibly up to Skbar (Wilkinson, 1982). Another magmatic

process recognised later, but recently attracting considerable

attention, is the mixing of primitive with evolved magmas en route to

the crust or at shallow located crustal magma reservoirs. These

processes are discussed in some detail in this section and compared

with inferences from phase equilibria.

9.5.1 Partial melting and mantle source

Experimental partial melting studies of natural peridotites

provide a framework for assessing the compositional characteristics

of partial melts forming at different P-T conditions. An overview of

the studies of Stolper (1980) and Takahashi and Kushiro (1983) was

presented in the introduction of this chapter (section 9.1).Jaques and

Green (1980) showed that direct melting of a model pyrolite-40%

olivine (Fogo) and the Tinaquillo lherzolite-40"/" olivine (Fogo) produces

olivine-rich normative melts at moderate degrees of partial melting;

olivine-tholeiites at 10-15 kbar pressure and silica saturated

(tholeiites - Q-tholeiites) melts at pressures of 2-5 kbar. The
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normative character of the partial melts is a function of the degree of

melting and the fertility of the source. Olivine tholeiites are produced

by 15-30% melting at pressures in the range from >8 kbar to 15 kbar,

and alkali basalts by .15% melting at pressures in the range of >10 kbar

to 15 kbar.

The FeO and MgO data of Macquarie lsland basalts and

harzburgites are suggestive of 15-20% melting of a peridotite source

similar to model pyrolite. The concentrations of transition metals are

also suggestive of 15-20% melting of a "fertile" peridotite, having

=16/" modal diopside. The mineralogy of harzburgites, in particular the

Al2Os content of pyroxenes and the C/(Cr+Al) ratios of spinels,

compares with the residual mineralogy produced at 5-10 kbar and

temperatures of 1200o-1300oC from the starting peridotite

compositions of Jaques and Green (loc. cit.). When the inferences from

phase diagrams are combined with those from melting studies of

primitive basalts, the results are consistent with the generation of the

alkalic basalts at pressures of more than 12-13.5 kbar. All available

data indicate that the Macquarie lsland alkalic basalts formed at

pressures of 12-1Skbar and temperatures of 12500-1350oC, by small

degrees of melting, <15/".

Turning now to tholeiitic basalt compositions, melting

experiments of primitive MOR tholeiites and phase equilibria studies

are not always consistent with a unique genetic model. Assuming

isobarically invariant melting of a four phase (ol+opx+cpx+sp) mantle

lherzolite in the simplified CMAS system, then magnesian tholeiites

(mg#=70-72\ are primary melts melts produced at low pressures, 9-10

kbar (Presnall et al., 1979). Melting of natural peridotites has also been

assumed as approximately isobarically invariant or "pseudoinvariant"

(Stolper, 1980). Recently, it is becoming increasingly acceptable that
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a range of silica saturated melts is produced at any given pressure

(Fujii and Scarfe, 1985; Thompson, 1987). Fujii and Scarfe (1985) have

shown that the compositions of liquids change progressively with

increasing temperature (degree of melting) at constant pressure, and

therefore they are not invariant liquids. Consequently, partial melting

of natural peridotites cannot be treated as isobarically

"pseudoinvariant". Thus, the melt compositions depend on the source

composition to a great extent. lt must be pointed out that there appears

to be serious inherent limitations in the models of Green and his

colleagues; they developed their model by assuming that addition

and/or subtraction of olivine does not affect the melt compositions.

This is not however the case; it has been shown that addition of even

small percentages of Na2O shifts the phase equilibria towards more

silica undersaturated compositions (Hoover and Presnall, 1982).

The most primitive Macquarie lsland liquids (glasses and

aphyric lavas) as well as MOR tholeiitic glasses show considerable

variation in silica saturation. The different degrees of silica saturation

reflect on the varying source composition (fertile to depleted) and the

variable degrees of melting. Tholeiitic basalts can thus generate over

the pressure range 8-12 kbar by variable degrees of melting, 15-30%.

The picritic model of Green et al. (1979) on the other hand, suffers

certain drawbacks. Green and his colleagues considered cpx-free

harzburgite as the residual mantle peridotite lithology. The Macquarie

lsland harzburgites contain =2/" diopside and the enstatites are

saturated in diopside molecule. Recent data from oceanic tectonised

peridotites indicate that diopside (although in small percentages) is

always present (Dick et al., 1984; Dick and Fisher, 1984; Michael and

Bonatti, 1985). Thompson (1987) argued that tholeiitic picrites

forming at high pressures 15-20 kbar, must fractionate significant
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amounts of enstatite in addition to olivine if they were to produce the

wide spectrum of silica saturation observed in primitive MOR

tholeiites. The phase relations in the pseudoliquidus Ol-Di-Pl-Si

system of Walker et al. (1979) discussed in section 9.2.2 corroborate

Thompson's argument. Although such tholeiitic picrites could represent

possible parental melts of MOR tholeiites, they are by no means the

only available candidates as has been categorically stated by Green et

al. (loc.cit.). They probably represent a small only percentage of

parental magmas. This possibility is further explored in the discussion

of section 9.5.6.

The extent of mantle peridotite fertility (or depletion) cannot

be evaluated so easily. lt was inferred that the Macquarie lsland

transition metal abundances in both basalts and harzburgites suggest a

very fertile source peridotite with around 2% modal diopside.

Estimations of the source composition by combining 85 parts of

harzburgite and 15 parts of basalt (that is equivalent to the small to

moderate degrees of of partial melting) suggest a source with low TiO2

(<0.261"wt), low CaO (1.9%wr), low Na2O (<0.45%wt), relatively high Al2Og

(=3.S%wt), high MgO (=38-40/"wt) and FeO* (=9-10%wt) contents (see

table 9.1).Such a composition is considerably more fertile than that of

the Tinaquillo lherzolite and other natural lherzolites (table 9.2), but

not as fertile as that of the reconstructed peridotites of Fujii and

Scarfe (1985) and the basalt+HK66 peridotite mixture of Takahashi and

Kushiro (1993). Both starting peridotite and reconstructed peridotite

compositions of Fujii and Scarfe (loc. cit.) are considerably more

fertile than the average source composition estimated from the

Macquarie lsland data. Partial melting of peridotites having

compositions similar to those of SM2 and SM4 at pressures of around

10 kbar, produces basaltic melts which are very similar to the very
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magnesian tholeiitic basalts from Macquarie lsland (table 9.7). The

Macquarie lsland basalts have slightly higher FeO* and TiO2 content

than those 10 kbar melts, possibly reflecting low depth oxidation of

Fe2+ to Fe3* and source region Ti-enrichments respectively. High

magnesia (=107"wt MgO) tholeiitic basalts showing different degrees of

silica saturation are thus very likely to have been produced at around

10kbar pressure and temperatures of 12500-1350oC. Such tholeiitic

liquids can be parental to the Macquarie lsland basalts through low

pressure fractionation.

When the Macquarie lsland data are compared with the data of

Fujii and Scarfe (loc.cit.), it seems that the Macquarie lsland source

composition must have been less depleted than that of the average

composition of the less-depleted oceanic lherzolites of Maaloe and

Aoki (1977) and Michael and Bonatti (1985) (table 9.8). ln fact, the

estimated peridotite composition is very similar to that of the average

less-depleted Zabargad spinel-lherzolite (Bonatti et al., 1986). The

estimated Macquarie lsland source peridotite requires =201" partial

melting to produce the average less-depleted oceanic lherzolite,

assuming a basalt composition similar to the most magnesian

Macquarie lsland glasses and aphyric basalts. Such a percent of partial

melting is consistent with previous inferences. Additionally, the

similarity of the Zabargad spinel-lherzolites with the estimated

source composition from the Macquarie lsland basalt- harzburgite

mixes suggests that such an estimated composition is not too fertile to

be considered unrealistic.

9.5.2 Fractional crystallisation at low pressures
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Most of the oceanic basalts are olivine and plagioclase

phenocrystal; minor amounts of clinopyroxene and spinel phenocrysts

are also present. Melting studies of basaltic glasses reveal that the

crystallisation sequence is olivine-> plagioclase-> clinopyroxene at

latm pressure. Most of the abyssal tholeiites have compositions

clustering along l atm phase boundaries in various liquidus phase

diagram projections, hence their compositions are largerly controlled

by fractional crystallisation of these three phases. Major oxide

variation diagrams also provide strong support to low pressure crystal

fractionation; the trends of most abyssal basalts and glasses show that

with decreasing MgO (or Mg#), Ti and total iron increase and Al and Ca

decrease. All these characteristics of oceanic basalts are consistent

with crystal fractionation at low pressures. Earlier (Miyashiro et al.,

1969a; Shido et al., 1971) and recent studies (Sigurdsson, 1981 ; Perfit

and Fornari, 1983) attributed the compositional variation of spatially

associated basalts in olivine + plagioclase and often clinopyroxene

crystallisation. Gommon practice has been the testing of various

fractionation models by least squares approximations; a primitive and

a differentiated composition are normally employed in such

calcu latio ns.

Griffin and Varne (1980) and Griffin (1982) have shown that the

dominant phenocryst phase in both basalts and dolerites from

Macquarie lsland is plagioclase, followed by olivine and to a lesser

extent by clinopyroxene; the general trends of basalts in major element

variation diagrams show that with decreasing Mg#, Al, Ca, Ni decrease

and Ti, Mn, P and total Fe increase; trends consistent with low pressure

crystal fractionation of the phenocryst phases. The presence of the

cumulate troctolites can be considered as a prima facie evidence for

low pressure fractionation of olivine+plagioclase. Clinopyroxene is
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interstitial in troctolites, but becomes a cumulus phase in the olivine-

gabbros. Fractionation models have been tested by least squares

calculations utilising a primitive lava composition (high in mg# and Ni)

and an evolved lava composition (low in mg# and Ni) from the same

locality but from different stratigraphic positions; compositions of

cumulus minerals from the troctolites have been employed in the

calculations. Aphyric and close to aphyric lavas were used only.

Selected results are listed in tables 9.9.

A differentiated basalt such as 38307 (mg#=58.7) can be

derived from a more primitive basalt such as 38288 (mg#=69) by 30-

35% fractionation of olivine + plagioclase + clinopyroxene. These

samples are from the volcanic section Mount Martin - Saddle Pt. The

proportions of the minerals themselves vary as a function of their

composition. When the fractionating minerals are olivine Foss,

plagioclase Anas and clinopyroxene with Mg/(Mg+IFe)=88, their

respective proportions are 20.8/", 64.4V" and 14.8%l if less MgO-rich

olivine (Fogs) and clinopyroxene (trrglltvlg+tFe)=86) fractionate, then the

mineral proportions will be, olivine 21.4o/o, plagioclase 65.4% and

clinopyroxene 13.2%. A MgO-rich basalt (mg#= 71) from Green Gorge

(sample 38188) correlates with the spatially associated and evolved

basalt 38303 (mg#= 61) through olivine + plagioclase + clinopyroxene

subtraction. The crystal extract is about 20"/"; the proportions of the

minerals in the crystal extract are olivine =55ø.q plagioclasê =17"/" and

clinopyroxene =28o/o. Similarly, basalt 38284 (mg#= 67) from Davis Pt.

can yield the more evolved basalt 147 (mg#= 56) after the removal of

about 35% crystal extract; the proportions of fractionating minerals

are 24.5/" olivine, =63o/o plagioclase and =12.5/" clinopyroxene. The

crystal extracts required to yield the most evolved compositions (mg#

55-57) from the primitive basalts (mg# 69-71) are in the range of 30-



9.45

35%. The mode of these crystal extracts is very similar to the cumulate

troctolites and olivine-gabbros. ls is also evident that clinopyroxene is

always a necessary fractionating phase. Similar conclusions are drawn

from least squares calculations using glass compositions. The evolved

glass 38390 (mg#= 57) requires removal of =31 .5% crystal extract

from the primitive glass 47979 (mg#= 66.7); the crystal extract itself

will be made of 1g% olivine, 52% plagioclase and 30/" clinopyroxene.

The crystal extracts required by the least squares

approximations must contain 20=5o/o olivine, 60+7"/' plagioclase and 10-

15% clínopyroxene. These mineral percentages are comparable with

those of the combined cumulates, troctolites and olivine-gabbros. The

results of such modelling are therefore in good agreement with the

observed mineralogy of the cumulates;

9.5.3 Magma mixino

The original compositions of mantle derived magmas can be

further complicated by mixing with magmas produced by source

peridotites which are variably depleted or enriched (for instance the

spreading ridge overides a mantle region of an ascending plume); also,

by magmas derived from the same source but at different pressures;

and finally, by mixing with differentiated magmas which resulted

through fractionation of olivine or olivine+plagioclase and

olivine+plagioclase+clinopyroxene at moderate and low pressures.

Mixing of magmas enroute to the surface in conduits located within the

uppermost mantle or in crustal magma chambers is hence an important

process in generating some of the observed compositional variations in
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the chemistry of MORBs. The possibility of high pressure clinopyroxene

fractionation is discussed in the following section. ln this section,

intermixing of magmas is examined in the low pressure end (2 kbar and

less). Such a process is believed to take place in shallow level magma

reservorrs.

The presence of olivine, plagioclase and clinopyroxene

"xenocrysts" that are not in equilibrium with their host liquids,

considering only glasses and aphyric basalts, the high residuals in least

squares calculations when attempting to relate a primitive and an

evolved basalt through olivine and plagioclase subtraction, and the

consequently compulsory clinopyroxene fractionation to account for

mathematically acceptable solutions, the lower CaO/Al2Os ratios of the

evolved glasses than these of the primitive ones, the significant

enrichments in TiO2, K2O and PzOs in evolved glasses, the very high

(almost anomalous) concentrations of Ti, Zr, Nb and REE in the evolved

melts relative to those expected from crystal fractionation modelling

of suitable minerals (usually compositions of phenocrysts) and suitable

parental melts have all been used to argue that magma mixing in

crustat magma reservoirs is an important process (Dungan and Rhodes,

1978; Rhodes et al., 1979; Rhodes and Dungan, 1979; Stakes et al.,

1984; O'Hara, 1977).

Most of the relevant studies concentrated in relating the

compositionallly intermediate and evolved basalts and glasses to a

common parent. This parental magma has been identified as a high MgO

(>8.5%wt), low TiO2 Þ0.70"/"wt), high CaO and Al2O3 (12-13%wt and 15-

17"/owl respectively), low Na2O (<2/"wt) melt; it will therefore have

high CaO/Al2Os (r0.7) and CaO/Na2O (>6) ratios. These studies also

assumed consaguineous magmas. Stakes et al. (1984) suggested that

mixing of a primitive glass with an evolved glass could account for the
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intermediate glasses from the FAMOUS, AMAR and Narrowgate areas of

the Mid-Atlantic Ridge.

Turning now to the Macquarie lsland data, magma mixing

hypotheses are evaluated on the basis of petrological evidence from

basalts and glasses. The following factors are evaluated, the chemistry

of phenocrysts in basalts and dolerites, the chemical characteristics

of the tayered troctolites and gabbros, and the major and trace element

chemistry of basalts and glasses. The chemistry of the three types of

phenocrysts in both basalts and dolerites was presented in chapter

four. lt was shown that the compositions of these phenocrysts overlap

those of the cumulus minerals from troctolites and gabbros. The only

exception is the rare spinel phenocrysts in some of the lavas. The

composition of these spinels suggests that they formed at higher

pressure (and temperature) than the cumulus spinels in troctolites.

The concentrations of certain elements (like Ti) in the

cumulates suggest that close system fractionation cannot account for

their observed distribution (figure 6.18).

The geochemistry of basalts and dolerites can be analysed by

examining, (a) elements which preferentially enter the minerals and (b)

elements which are constantly enriched in the liquid. lt was inferred in

chapter 8 that olivine fractionation and accumulation controls the Mg#

ratios and Ni contents of basalts, glasses and dolerites. The TiO2

contents and CaO/Al2O3 ratios of basalts are not influenced by olivine

fractionation. Crystallisation of plagioclase or clinopyroxene has

opposing effects on the CaO/Al2O3 ratio; plagioclase crystallisation

increases this ratio whereas clinopyroxene crystallisation decreases

it. Figure 9.12 shows that the CaO/Al2Os ratios of glasses decrease

with progressing differentiation (either decreasing Mg# or increasing

TiO2). Clinopyroxene is the only phase that can lower this ratio. This
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cryptic crystallisation of clinopyroxene was considered as "paradox"

because of its general absence as a phenocryst (Dungan and Rhodes,

1978). Furthermore, least squares modelling dictates that

clinopyroxene is an important crystallising phase, even for spatially

associated basalts which lack clinopyroxene phenocrysts. The trends

shown in figure 9.15 suggest that primitive and evolved glasses relate

to each other by olivine and plagioclase fractionation, respective

decreases in mg# and CaO/Na2O ratios. The apparent decrease of

CaO/Al2O3 ratios with progressing fractionation suggests that

clinopyroxene must have been crystallising and separating from the

melt as well. This possibility is tested by least squares calculations

(tables 9.9). The moderately evolved glass 38390 (mg#=61 , CaO/Al2O3

=0.66, TiOr=1 .71%) can be derived by the more magnesian glass 47979

(mg#=70, CaO/AlzOs =0.73, TiO2=1.06%) by olivine Foee, plagioclase

Anes and clinopyroxene subtraction; the respective proportions of these

minerals ârê =1 8/o, =52/" and =307o. Because the subtracted mineral

compositions are the actual mineral compositions of the cumulus

phases, it is clear that there is no such problem as the clinopyroxene

"paradox". The compositions of the primitive and evolved Macquarie

lsland liquids can be related to each other by removal of a crystal

extract consisting of various proportions of cumulus minerals. lt seems

appropriate to emphasize that the "phantom" clinopyroxene subtraction

and by implication crystallisation inferred from numerous studies of

mid-ocean ridge basalts is not phantom at all, but simply a reflection

of the sampling problems associated with the drilling of the ocean

f loo r.

Another complication arising when correlating primitive with

moderately evolved and evolved basalts (always assuming

consaguineous magmas) is the considerable enrichments of the
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concentrations of the magmaphile elements in the evolved basalts,

usually referred to as the "magmaphile element excess". The

concentrations of trace elements in several Macquarie lsland basalts

have been tested for símple fractional crystallisation. lt was inferred

in the previous section that basalt 39307 can be derived from the

primitive basalt 38288 through 21"/" olivine + 64"/" plagioclase + 15%

clinopyroxene separation. The bulk distribution coefficients for Zr and

Nb have been estimated using the same mineral percentages, and

mineral-melt partition coefficients from Sun et al. (1979) and le Roex

et al. (1981). The observed Zr and Nb abundances in basalt 38307 are

138ppm and 57ppm repsectively. 30% simple fractional crystallisation

of the crystal extract 21"/" olivine+ 64/" plagioclase+ 15% clinopyroxene

from basalt 38288 results in a residual liquid with 135ppm Zr and

53ppm Nb. The observed and calculated contents are almost identical.

Least squares calculations (previous section) sugest that the evolved

basalt 38434 can be derived from the primitive basalt 38284 via 20"/o

fractionation of a crystal extract made up from 167" olivine, 61"/"

plagioclase and 23/" clinopyroxene. The bulk Dzr and DNb have been

estimated for such a crystal extract. 20% fractional crystalisation of

will result in residual liquids with 149ppm Zr and 51ppm Nb; the

observed Zr and Nb concentrations in basalt 38307 are145ppm and

42ppm respectively. Although the observed and calculated value of the

Zr content are almost identical (18.5% fractionation is required to

match the observed value), the calculated Nb content is higher than the

observed. The observed Nb value is reproduced by 2% fractionation only.

Not all differentiated basall Zr and Nb contents however can be derived

from those of the spatially associated primitive basalts. Nevertheless,

simple fractional crystallisation does account for the high Zr and Nb

contents of some of the Macquarie lsland basalts.
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Typical MORB tholeiites are a¡most always free of high

pressure "xenoliths'. Occasionally however, resorbed and embayed

phenocrysts of olivine, clinopyroxene and spinel occur and have been

variably interpreted as high pressure 'restites" or low pressure

magmatic phases. Clinopyroxene occurs aS anhedral "megacrysts" in

MAR (Mid-Atlantic Ridge) basalts ,(Donaldson and Brown, 1977). These

megacrysts are usually rounded and resorbed indicating that they are

in a reaction relationship to the host basalt; compositionally, they are

MgO-rich, high AI2O3 Cr-rich diopsides. They could represent either

disaggregated upper mantle peridotite crystals incorporated in the

liquid while it was ascending through the mantle peridotite, or low-

pressure magmatic phases. Wilkinson (1982) reviewed this topic in

detail and favoured a restite origin for such Mg-Cr-rich clinopyroxene

megacrysts. Thompson (1987) argued for a magmatic origin.

The Macquarie lsland basalts contain clinopyroxene phenocrysts

(or megacrysts) which are too magnesian to be in equilibrium with

their host liquids. They are normally rounded and embayed. Their

chemistry was discussed in chapter four. lt was shown that they have

a similar composition with the cumulus clinopyroxenes from layered

troctolites and olivine-gabbros. Therefore, it is inferred that they can

only be low-pressure magmatic phases.
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The formation and segregation of magma in the upper mantle is

by and large controlled by the fluid dynamics of the convecting mantle.

It has long been known that adiabatic decompression melting begins at

the low velocity zone (LVZ), at some depths of more than 60-70km. At

shallower depths, the degree of melting increases significantly in the

region of extensive melting. The physical processes gorverning partial

fusion in the mantle were however unknown. The depth of formation,

the extraction, and the percolation and migration of magma depend on

both physical and chemical properties of the mantle-melt system. As a

consequence, petrologic models dealing with basalt generation must

take into account the fluid-dynamical constraints.

Melting by upwelling occurs in a continuously convecting

mantle. Melts form at various depths and are then expelled from the

gravitationally compacting matrix due to their differential buoyancy. A

model on magma formation and migration beneath the ridge axis was

presented by Ahern and Turcotte (1979). The model predicts initiation

of melting at depths of more than 70km and small fractions of melts.

Considerations of the mantle permeability also favour small melt

fractions (Maaloe, 1981). Large amounts of partial melts cannot be

retained in the matrix according to Ahern and Turcotte (1979). Their

model dictates that small melt fractions segregate and migrate

upwards faster than the matrix, and as a result mix during their ascent

with partial melts forming at shallower depths. The distribution of

partial melting gradients beneath a ridge axis is shown in figure 9.16D.

The petrologic implications of such a model are significant. Models

envisaging (or requiring) large degrees of melting are at odds with the

fluid-dynamical conditions in the upper mantle. Small degrees of
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melt¡ng in a convecting mantle can explain the disparities in the trace

element abundances and ratios (in particular those of incompatible

elements) of MORBs; large degrees of melting in the extensive melting

region can account for the major element compositions of these liquids.

The melts that reach the surface are thus a mixture of these two

sequential melting processes, coupled with continuous mixing.

The compositional diversity of the Macquarie lsland basalts-

glasses-dolerites seems to favour such a multiple fusion - mixing

model. The diverse ratios of incompatible elements, the concentrations

of these elements, the MgO-rich Ne-normative basalts with high

contents of incompatible elements, the uniformity in the major

element compositions of the tholeiitic basalts which are relatively

enriched in incompatibles and other geochemical features discussed

before, suggest that the Macquarie liquids could well be the end product

of different melting-degree partial melts which mixed during their

ascent to the base Of the crust, where either entered a crustal

plumbing system or reached the surface.

Subsequent advances in the decompression melting theme

beneath oceanic ridges progressed to very detailed treatments of the

subject and reached comprehensive levels of understanding the

processes involved. A detailed treatment of this topic is however

beyond the scope of this thesis, but in the light of the importance of

these studies and the significance of their petrologic implications, a

brief reference seems inevitable. A short comprehensive review of the

subject is given by Thompson (1987). Dan McKenzie in a series of

contributions (1984, 1985a, 1985b) and McKenzie and Bickle (1988)

analysed the physics of decompression melting beneath spreading

ridges and reached some very important conclusions. McKenzie

estimated the mean temperatures in the upper mantle, the porosity of
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the matrix, the depths of formation of partial melts, the likely

compositions of these melts, the lithospheric thickness that these

melts can generate, and calculated geotherms for a convecting mantle.

McKenzie and Bickle (1988) estimated a potential temperature of

1280oC beneath the ridge axis, a depth of melting of 40kffi, â degree of

melting of less than 25/" and also the major element composition of

these partial melts. They argue that these magmas with about 1O%wt

MgO can produce a 7km thick oceanic crust, leaving as residual

peridotite a harzburgite with small amounts of diopside; and also, that

about half of the melt must be removed as gabbro to account for a 3-

4km thick gabbroic layer. Figure 9.16E shows the calculated

temperature distribution beneath a ridge axis; it is in good agreement

with the temperature (and melt fraction distribution) profile of Ahern

and Turcotte (1979).

The Macquarie lsland data presented in the previous chapters

and the theoretical modelling and calculations of McKenzie and

McKenzie and Bickle are in a suprisingly excellent agreement. The small

degree of melting inferred from the Macquarie data is very similar to

that estimated by McKenzie. The mantle potential temperature of

1280oC and the mean major element composition of the melts of

McKenzie and Bickle are identical to those inferred for Macquarie

liquids. The observed (Macquarie basalts/glasses) and predicted

(McKenzie and Bickle) melt compositions are plotted in the Di-Ol-S¡

diagram of Walker et al. (1979) and shown in figures 9.168 and C. The

Ne-normative Macquarie liquids could result from small degrees of

partial melting; with increasing fraction of melt, the melt becomes

progressively less silica undersaturated and moves towards the

cotectic composition. This is precisely what McKenzie and Bickle found.

Their initial melts are Ne-normative; with increasing melt fraction,
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the melt composition changes along a straight line, from the initial Ne-

normative melt to the cotectic melt composition (shown in figure

9.16C), due to mixing with compositionally distinct melts (lower NazO

and TiO2). The Macquarie harzburgites are the residues of a previous

partial melting episode (presumably more than one episodes), and

contain a minor amount of diopside. lt was inferred that harzburgites

are the residues of small degrees of partial melting, about 20/", and

that melting beneath the ridge did not progress to the stage of diopside

elimination. Melting therefore was constrained in the Ol-En-Di-Sp

(+Liq) phase volume. The calculations of McKenzie and Bickle show that

melting is around 24/" (and possibly less) and that the residual

peridotite is a harzburgite with a small amount of diopside. The most

MgO-rich Macquarie basalts-dolerites have >9%wt MgO. lt was argued

that these liquids have fractionated only small amounts of olivine, <2-

5%. The agreement between the observed (from Macquarie lsland) and

calculated (from McKenzie and Bickle) liquid - residue compositions is

more than satisfactory when the various uncertainties are taken into

consideration. The data discussed so far permit the formulation of an

intergrated spreading-ridge - magma-generation model for the

Macquarie lsland oceanic lithosphere.

The preferred model can be briefly described as follows.

Upwelling mantle begins to melt in the LVZ. The melt fractions are

extremely small, and are presumably retained in the matrix. W¡th

further upwelling, the adiabat intersects the solidus and extensive

melting commences. The calculated convective geotherms of McKenzie

and Bickle are shown in figure 9.164. The crossing of the solidus

occurs at a depth of around 40km, as can be inferred from figure 9.164.

From this point onwards, the degree of melting increases gradually and

approaches a maximum of =25/" at a depth possibly corresponding to
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the spinel-lherzolite - plagioclase-lherzolite transition. Partial melts

formed earlier by small percentages of melting have alkalic

compositions, and mix in this zone of extensive melting with large-

melting-degree melts which have a tholeiitic composition. The

aggregate liquid composition lies on a mixing line between a Ne-

normative and a cotectic liquid. The Macquarie lsland alkalic basalts

represent such aggregate liquid compositions; the tholeiitic rocks are

partial melts produced in the extensive melting region. The most

magnesian liquids have 9.5-10%wt MgO. Low pressure fractional

crystallisation of olivine, plagioclase and clinopyroxene disperses

their compositions towards more silica-undersaturated and more

silica-saturated compositions respectively. The crustal thickness

produced is estimated to 5-6km from the Macquarie lsland

stratig raphy.
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CHAPTER TEll : HAC0UARIE lSLAllD AllD OPl{IOLITES

This chapter compares I'lacquarie lsland with the best known and

studied ophiolite complexes. The lithologies present in ophiolites as well as

their mineralogg and geochemistrg are described in some detail and compared to

those of llacquarie lsland. ln addition, abgssal pìutonic and basaltic rocks

recovered from the ocean floor are described and compared with those from

Hacquarie lsland; their mineralogg and geochemistrg is also discussed.

lnferences Ere drawn from the similarities or differences between the ophiolite

and abgssal rock associations and the l'lacquarie lsland rock tgpes. Finallg,

msgms chamber models are discussed and their validitg is evaluated on the basis

of the available data from llacquarie lsland.

lO-l llineralogic vtriabilitg amongst 0ohiolitic

rnd Aùgssal Per¡dotites- Comoarisons with the

llacouarie lsland Peridotites

The best known examples of ophiolites are encountered along the Tethgan

ophiolite belt. This belt stretches from Spain to lran and possiblg to the

Himalagas. Well preserved ophiolite complexes occur in the Appenines, Alps,

Dinarides, Hellinides, Anatolides, Taurides, 0man Mountains and the Zagros

Range. Some of the better studied and documented complexes of this belt are the

Vourinos ophiolite in Greece, the Troodos complex in Cgprus and the Samail

ophiolite in the 0man Ìlountains. t'lost of them show complete stratigraphg; u

basal tectonite peridotite overlain bg magmatic cumulates, massive gabbros,

plagiogranites, sheeted dgkes and capped bg volcanics with intercalated

sediments (figure I 0. I ).

The basal ophiolitic metamorphic peridotite is represented bg

hanburgite, spinel-lherzolite and dunite. All rocks tlisplag metamorphic fabrics.
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Flow foliation is defined bg the flattening of minerals and lineation bg the

direction of mineral elongation. Recrystallisation of olivine and orthopgroxene is

common. Porhgroclastic, protoclastic and mglonitic textures have been reported

from Vourinos (Ross et al., 1980), Newfoundland ophiolites (Girardeau and

Nicolas, lgSl) and Semail (Boudierand Coleman, l98l). lsoclinal folding is also

present. These fabrics are indicative of a high-temperature low-stress

environment, and have been attributed to plastic flow in the uppermost mantle

immediatelg beneath the ridge (Nicolas and Le Pichon, 1980). These structures

are observed in the main peridotite bodg and ai#su from thrust zones. At the

proximitg of thrust zones, dgnamothermal (low-temperature and high-stress)

deformation features are superimposed on the high-temperature fabrics.

The mineral chemistry of the ophiolitic peridotites is uniform and highlg

refractory. 0llvlne ls alwags the major constltuent and has a composltlon Fos+

es; ltS Nl0 content ls more thon 0.50twt. 0rthopurcxene ls enstatlte ln

comFosition, and shows limited variation in 100'l'19/(mg+¡ps) ratios, from 90 to

93. Ca-rich pgroxene (usuallg tliopside) occurs in interstitial grains and is a

minor constituent (<5t of the mode). lt is more magnesian than the enstatite,

l00.t1g/(Mg+IFe) = 89-95. Accessory spinel is alwags present and shows a large

composltlonol varlatlon ln terms of Cr2Ss and Al2ft contents; lts Crl(Er+Al)

railos rönge from 0.20 to 0.90 (flgure 10.2a). The TIQ content ls unlformlg low,

mostlg less than 0.30twt (England and Davies, 1973; llenzies and Allen , 1974;

f'lenzies, 1975;Jackson et al., 1975;Dickeg, 1975; llalpas and Strong, 1975;

Boudier and coleman, l9E I ; Dick, 1977;Ouick, 198 I ; Jaques, l9E l; and mang

others). Spinel is a keg mineral in ophiolite-tgpe peridotites because its

composition criticallg depends on the bulk rock composition. Additionallg, it

consists of elements that are critical fsr the bulk rock composition and

represents a minor phase. Eecause of its accessoru character, its composition is

very sensitive to partial melting processes. Thus, it can reflect compositional

changes during partial melting episodes which would not affect (or would have
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gnlU ô minor effect) the compositions of the other silicate phases. The textural

character of spinel, interstitial to olivine and pgroxenes, suggests an origin

after incongruent melting of clinopgroxene and enstatite (Dick, 1977). The large

variation in the Cr/(Cr+Al) and l1g/(l1g+Fe2+) ratios of spinel, and the pattern of

increasing cr/(cr+Al) with decreasin$ l1g/(l1g+Fe2+) in spinel alwags

ôccompanied bg increasing the tlg/(t1g+Fe) of the coexisting olivine, indicate that

equilibration of olivine and spinel took place during partial melting (lrvine,

1965, 1967; Dick, 1977).

The tectonite peridotites are therefore residual rocks after partial

melting and extraction of basaltic melts, left behind as 'fossil mantles-.

Gabbroic, websterite and feldspathic dgkes and veins have been observed

throughout this unit (Boudier and coleman, lgEl; Quick, lgEl)' Theg are

considered as trapped melts produced bg melting a more 'fertile- upper- mantle

peridotite, and sometimes theg have produced metasomatic effects in the host

depleted peridotite (Evans, I 985).

Alpine-tgpe peridotites, the 'root zone- peridotites of Den Tex (1969),

differ from the ophiolite peridotites in that theg are predominantlg

clinopgroxene rich lhenolites. Theg have higher alumina and alkali contents

compared to ophiolite peridotites, and are overlain bg granulites (Nicolas and

Jackson, lg7Ð. Tgpical examples of such peridotites are the Ronda intrusion in

Spain, and the Lanzo, Balmuccia and Ealdissero massifs in Horthern ltalg. The

splnet tn these lhezolltes ls Al2t¿ rlch (up to 668wt), wlth Crl(Er+Al) ratlos of

less than 0.6 (figure lO.2cl. Eoth enstatite and cllnopuroxene hove higher Al2Og

ond t{a20 contents thon those ln ophlollte perldotltes (Eoudler, 1978;SherYols,

lgTg). These compositional characteristics suggest that the'root zsne'

lherzolites are less depleted than the ophiolitic peridotites, and therefore the

sub-continental upper mantle is more 'fertile- than the sceanic upper mantle.

The strikinglg different mineral compositions between alpine-tgpe peridotites
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End llacquarie lsland harzburgites suggest that the llacquarie lsland harzburgites

had a different genetic evolution from the sub-continental peridotites.

Peridotites have also been recovered from the world's oceanic ridge

sgstem and have been named -abgssal peridotites- (or oceanic). These peridotites

sre yeru similar to the ophiolitic peridotites. Abgssal peridotites have been

dredged from the Equatorial llid-Atlantic Ridge near 45oN and 43oN (Aumento and

Loubat, l97l; Shibata and Thompson, l9E6), the Vema and Romanche Fracture

Zones (Prinz et al., l9?6), the Northern llid-Atlantic Ridge (Sinton, 1979; Ilichael

and Bonatti, 1985), the 0wen Fracture Zone (Hamlgn and Bonatti, 1980), the

lndian 0cean Ridge sgstem and the Carlsberg Ritlge (Dick and Fisher, 1984), the

GarretTranform Fault nearthe East Pacific Rise (Hebert et al., 1983), and

elsewhere. Theg comprise I group of spinel-lherzolites, plagioclase-lhenolites,

harzburgites and dunites. These rocks displag similar structure, mineralogg and

geochemistrg to the ophiolite peridotites (Hamlgn and Bonatti, 1980). Their

principal difference to the ophiolite tectonised peridotites is their higher modal

clinopgroxene, usuallg more than 38. Spinel shows considerable Al-Cr variation;

its Crl(Cr+Al) ratios Ere less than 0.6 and its llg/(l'19+Fe2+) ratios very limited

(flgure t0.2b). TIQ contents are yoñoble, from less than 0.lE t0 more than

l.58wt (Dick and Bullen , l9ï4l, a notable difference to the uniform and alwags

l0'# TlÐ contents of splnel from ophlolltlc peñdotltes. 0llvlne has 0

composlilon of Fos*.sz, wlth Nl0 contents from O.2lo 0.4twt. The orthopuroxene

is enstatite, t1g/(l'lg+IFe) ratios in the range A9-92, and the clinopgroxene is a

rilopslde havtng t1g/(ltg+¡Fe) ratlos oÍ Ê9-93. Eoth pgroxenes show varloble Alzlls

and CaO contents. Enstatites in peridotites dredged from the Carlsberg Ridge,

have 3-6.58wt Alzfls and dlopsides 4.4-7Bwt Al2Q ( Hamlgn ond Eonatti, 1980).

The llacouarie lsland harzburgites displag similar textural and

compositional features to the ophiolitic and abgssal peridotites. Protogranular

textures are characteristic, and spinel is alwags interstitial to olivine and

enstoilte. 0llvine ls l'lg0-rich, Fos+es, ond chorscterlstlcallg shows high Nl0
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contents, 0.4-0.458wt. Enstatite has high 100-l1g/(l1g+XFe) ratios, E9-92, and

moderate AlzQ contents. lnterstltlol dlopsltle ls alwaus more mogneslan than

the coexisting enstatite; its l00.l1g/(l'1$+IFe) ratios range from 92 to 94. Spinel

nas Crl(Cr+Al) ratlos of 57-55 (flgure 10.2Þ), ünd YerU low TIQ contents

(<0.058wt). The composition of olivine and enstatite is thus comparable to that

of both ophiolitic and abgssal peridotite olivine and enstatite. The Cr-spinel

compositi0n compsres with that of abgssal peridotite spinel and to some extent

to the ophiolitic spinel.

Evidence provided bg the mineral chemistries of ophiolitic and abgssal

peridotites suggest that the spinel and pgroxene compositions change

progressivelg during partial melting. The spinel and puroxene compositÍons

reflect the degree of depletion of the peridotite. ln spinel- and plagioclase-

beañng lherzolltes, enstotlte has hlgher EoO and Alzlls contents comp0red t0

enstatite from more refractory peridotites (hanburgites). The progressive

rlecreôse ln Al2Q and CoO contents ls accompanled bg an lncrease ln the

l1g/(l1g+XFe) ratios. lt has been observed that all silicate minerals become more

t1gO-rich, and the spinel Erl(Cr+Al) ratio increases in the more refractorg

peridotites; also the spinel Êrl(Cr+Al) ratio shows a good negative correlation

to the enstotlte Alzlh content (lllchael and Eonattl, lgES). ln oddltlon, mod8l

variations correlate well with mineral chemistry. llodal olivine increases with

increasing spinel Crl(Cr+Al) ratio, and modal clinopgroxene decreûses with

increasing spinel Crl(Cr+Al) ratio (Dick et al., 1984;tlichael and Bonatti, lgES).

These trends are in ügreement with anticipated variations and correlations in

mineral chemistry during partial melting, and also trends documented from

experiments on direct partial melting of Tinaquillo lhe¡zolite and hgpothetical

pgrolite (Jaques and 6reen, l9E0).

The vañatlon of AlzQ wlth the llg/(ttg+¡e) rotlo ln enstûtltes fr0m

abgssal and ophiolitic peridotites is shown in figure 10.34. Enstatites fr0m

ophiolitic peridotites extend to more refractorg compositions than those in
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sbussôl peridotites. The llacquarie lsland enstatites from the hanburgites span

a limited range and plot in the middle of the observed fields, but towards the

more depleted abgssal peridotite compositions. Figure 10.2b shows the

correloilon between the Al2t}s contents of spinel and enstotlte. The abgssal

peñdoute fleld extends towords hlgher Alzfh contents, whlle the ophl0llte

peritlotite field towards more refractory compositions. Data from l{acquarie

lsland harzburgites cluster in the middle of the ophiolitic field and towards the

more depleted compositions of abgssal peridotites. The Macquarie lsland data

suggest that the hanburgites have intermediote refractorg compositions and

therefore must represent refractorg residues of moderate degrees (10-208) of

par¡ol met¡ng. The Al2ft contents of enstatlte ontl splnel ln 0phl0lltlc

peridotites ûre alwags lower than those in abgssal peridotites; a good ìinear

correlatlon ls dlsplagetl ln the (Al2lbÞhl - (Al2làFatte ploti obgssol

peridotites usuallg contain diopside, and when diopside is not present as a

separate phase, then enstatite is saturated with diopside; these features

together with phase diagram considerations led Dick and Fisher (1984) to

conclude that abgssal peridotites are the residues of partial melting constrained

bg the 0l+En+Di+Sp+Liq pseudoinvariant point; ophiolitic peridotites Ere residues

of melting constrained bg the 0l+En+sp+Liq point. Ìlelting in the suboceanic

mantle was therefore less advanced than the partial melting events which

produced the ophiolitic peridotites. The characteristics of the llacquarie lsland

harzburgites indicate that theg are the residues of partial melting of mantle

lherzolite and that the partial melting event(s) occured in the 0l-En-Di-Sp-Liq

phase volume; theg are also less depleterl than the residual ophiolitic

peritlotites, where partial melting frogressed into the three phase volume

tl-En-Sp-Liq.
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Cumulates - 0ceanic Gabbroic Suites -

Macouarie lsland Lagered Rocks.

A zone of ultramafic cumulates overlies the tectonised peridotites. lt is

known as the'transition- or-critical'zone (lloores, 1969) antl consists mainlg

of dunite with minor chromitite, wehrlite and pgroxenite. The lower level of

cumulate dunite defines the petrological l1oho. The thickness of this zone is

highlg variable among different ophiolite complexes; in the Samail ophiolite, it
is limited to few meters (Boudierand Coleman, l98l), and in the llassif du Sud,

New Caledonia, is about 600m (Prinzhofer et al., lg80). ln the Bag of lslands

ophiolite massif, the critical zone is 3000 meters thick (Girardeau and Nicolas,

lgSl).The base of the transition zone is a sudden change to peridotite tectonite.

The upper boundarg is a gradational zone of interfingered lagers of dunite in

clinopgroxenite and wehrlite, and massive dunites with websteritic and gabbroic

lenses. Podiform chromite deposits of economic potential are located at the

basal dunites, frequentlg extending downwards to harzburgites. The origin of

podiform chromitites has been the subject of mang studies (Dickeg, 1975;

Greenbaum, 1977; Neary and Brown, 1980; Cassard et al., l98l; Lago et al., 1982;

Christodoulou and Hirst, 1985; Eeuleneer and Nicolas, lg85). The transition zone

has been interpreted bg mang geologists as resulting from magmatic processes

due to its cumulate textures (Coleman, lg77).This position has been challenged

bg Nicolas et al. (1980) and Nicolas and Prinzhofer(1983).Theg argued fora

residual origin based on detailed structural studies in mang ophiolite complexes.

Recent detailed studies on the Zambales ophiolite critical zone suggest a

magmatic origin of this zone (Abrajano et al., 1989).The absence of a transition

zone in llacquarie lsland is a notable feature. The lack of ang chromite pods or

segregations in llacquarie contrasts with the large podiform chromitite ore

bodies encountered in most ophiolites. The chemistry of chromite in the
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llacquarie lsland troctolites also contrasts that of the chromite from the basal

ophiolitic cumulates and chromitites. ln the latter, chromite has tgpicallg high

CrzQ content, more than 50twt and usuallg up to 60Ewt, anrl ìow TiO2, normollg

from 0.05twt to 0.25twt; the ltocquañe chromltes have lower Er2tþ and

dlstlnctlg higher TIQ contents suggestlng a dlfferent phgslcochemicol

environment of formation. This is particularlg important because chromite

composltlon ls sensltlye to melt composltlon Ës well os fll2 condltlons.

The magmatic cumulates in ophiolites comprise sequences of lagered

pgroxenites, troctolites, olivine-gabbros, anorthosites, gabbros, gabbronorites

and norites. The textures of the cumulates are usuallg adcumulus. The lagered

rocks are overlain bg massive gabbrõs, hornblende-gabbros and feldspathic rock

associations such as trondjemites, diorites and granophgres. The thickness of

the magmatic sequence is variable; for instance, the cumulate section in Oman

rônges from 1.5 km to 3.5 km (Pallister and l-lopson, l98l). The cumulate pile in

the Vourinos 0phiolite is 1500 m thick, and is arranged in24 cgclic units

(Jackson et al., 1975). A more detailed examination of the magmatic stratigraphg

revealed that the cgclic units reported bg Jackson and others are either

incomplete or intem¡pted bg non-cgclic lithologies (Rassios et al., l9E3).

The four principal mineral phases are; olivine, plagiocl6se, clinopgroxene

and orthopgroxene. llinor chromite is alwags present. The crystallisation order

varies from one ophiolite complex to another. 0livine is followetl bg plagioclase

and then clinopgroxene in some complexes; in other ophiolites, the order of

crystallisation is olivine -> orthopgroxene -> clinopgn¡xene or olivine ->

clinopgroxene -> plogioclase. 0llvlne ls olwogs forsteritlc Fo6-es. Cllnopgroxene

and orthopgroxene are alwags magnesian, l1g/(l1g+Fe) ) 0.90 and 0.80

respectivelg. Plagioclase is characteristicallg very calcic; in the basal

cumulotes, it is normollg more than Ans in composition. Plagioclase shows

sgstematic Ab-enrichments up-section (Pallister and Hopson, l98l; Jaques,

l98l; Beccaluva et al., l9E4). In the Samail ophiolite, olivine shows a
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cgmpgsiu0n range from Fq1 to Fo¡s ond plogloclase rËnges from An95 down to

An-¡r; clinopuroxene hos llg/(Ilg+¡e) ratios between 0.92 ond 0.El and

orthopgroxene ls ln the rrnge Er¡s-7t (Smewlng, lgEl). ln the Antalua ophiollte,

the olìvine in the plutonlc rocks is FosT-ss and the plagioclose Anea-sa (Juteou

and Whitechurch, l9S0). lntrusive relations between adjacent lagers, verg

similar to those observed in tlacquarie lsland, hüve been reported from the

Antalga ophiolite. Juteau and Whitechurch favoured multiple intrusions of fresh

magma into the mËgma chamber. 0n the basis of the mineralogic features of the

ophiolitic plutonic rocks, Duncan and Green (1980) proposed that such lagered

series can be accumulaterl bg melts produced bg 'second stage- melting of an

alreadg depleted mantle source. Theg argued that 0l- and Q-tholeiites are the

most likelg parental melts.

Plutonic rocks with relict cumulate textures have been recovered bg deep

sea drilling. Dominant rock tgpes are dunites, troctolites, olivine-gabbros,

noritic gabbros and hornblende-gabbros (Hodges and Papike, 1976; lligashiro and

Shido, 1980; Prichard and Cann, l9E2; lto and Anderson,lg13; Hebert et al-,

l9B5). 0llvlne-gabbros from the tlltt-Atlantlc have ollvlne Fos2-s7, plagloclase

A¡?rnand clinopuroxene with l1g/(l"tg+¡s¡ ratlos 74-Ag (Hodges and Paplke,

1976; Tiezzi and Scott, 1980).

There is an overall corespondence between the cumulate lithologies,

adcumulate textures, mineral compositÍons and geochemistry of llacquarie lsland

plutonics (lagered rocks) and the cumulate series of ophiolites. Some differences

are however notable. The absence of pgroxene-rich cumulates and the absence of

late stage differentiates such plagiogranites- trondjemites, from l'lacquarie

contrast the common occurence of such rock tgpes in ophiolite csmplexes. The

absence of chromite segregations in l{acquarie is also of great importance. The

llacquarie plagioclase is less sodic than that in ophiolites, and cumulus spinel is

also signlflconilg less Cr2ts-rlch than that found ln ophlolltes, commonlg in

deposits of economic importance. These features indicate that crystallisation of
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the cumulate rocks took place in a different phgsicochemical (and presumablg

geotectonic) environment than that of most ophiolites.

10.3 Geochemistru of 0ohiolitic and Abgssal

Peridotite-Gabbro Suites. Relationshios to

the llacouarie lsland Plutonic Suite-

ln ophiolite complexes, the tectonised peridotites underlging the

cumulate sections are remarkablg refractory. Theg have l'190/(1190+Fe0*) ratios

of more thon 0.8 (l1g/(ltg+¡e) > 0.9). AlzQ and CaO contents are usuallg less than

ZEwt,0nd NqO and K20 ore less than 0.0lEwt. CrzQ and NlO c0ntents rünge fr0m

0.3t to 0.6twt. The TIQ content ls alwogs extremelg low. The lncompotlble

trace element Zr, Rb, Nb concentrations are less than lppm.Oceanic (abgssal)

peridotites üre similarlg depleted in alkalis and incompatible elements and high

in l'190, Cr, Ni. Theg show variable degrees of depleti0n on a regional scale.

Hichael and Eonatti (1985) examined the modal variation and igneous mineralogg

of abgssal peridotites from the North Atlantic between @ and 7$il. Theg found

evidence for regional variations of the peridotite chemistry. Peridotites dredged

from 34o-45oN Ere more depleted than peridotites from other localities. The

possible influence of the Azores region in the recorded pronounced depletions

was suggested. Peridotites dredged from other localities close to hot spots are

also more depleted than those recovered awag from such regions (Dick et al.,

l9E4). High degrees of melting have been favoured bg Dick et al. to explain the

pronounced depletions of these peridotites. Alternativelg, melting of an alreadg

depleted source could cËuse such severe depletions.

Sequences of lagered rocks reminiscent of the lagered series of the

continental stratiform complexes are well documented in mang ophiolites such

as the Vourinos complex (Jackson et al., 197Ð and the Samail complex (Pallister
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6nd Hopson, lgEl). A tgpical sequence of lithologies comprises (from the base to

the top of the sequence) dunites, wehrlites, olivine-pgroxenites, pgroxenites,

troctolites, anorthosites, norites, olivÍne-gabbros, gabbros, hornblende-gabbros.

A unit of massive (or isotropic) gabbros overlies the cumulate rocks. These rocks

Ere tgpical granular cpx-plag gabbros; hornblende gabbros, microgabbros and

doleritic gabbros are also present. Hafic rocks have been dredged from ocean

floor at the proximitg of fracture zones. Various lithotgpes have been reported

from the North Atlantic and the East Pacific.These include troctolites, olivine-

gabbros, hgpersthene-gabbros, norites and ilmenite-gabbros (Higashiro et al.,

1970; Hodges and Papike, 1976; Prinz et al., 1976; Vanko and Eatiza, l9E2;

Hebert et al., l9E3). A nepheline bearing gabbro has also been reported bg

Honnorez and Eonatti (1970). Hodges antl Papike (1976) reported cumulate

troctolites and olivine-gabbros from the tlid-Atlantic Ridge at 37ol{. The rocks

have hlgh rlg/(ttg+¡s¡ rotlos, 0.84-0.87, and 6re very depleted ln T1t2,K2O,P2Ut-,

and show tgpical tholeiitic enrichment trends. Gabbroic rocks from the Kane

Frocture Zone have Fe0t/1190 ratlos from 0.52 to 2.8 and TIQ contents from

0.05ß to 9.5twt (lligashiro and Shido, l9E0).

Tiezzi and Scott (1980) examined the possible genetic relations of the

gabbroic cumulates and basalts from DSDP Site 7 in the North Atlantic (260N).

Theg found that although the basalts continue the iron enrichment trend of the

gabbros, hence possible bg products of later stage gabbroic fractionation,

clinopgroxene crgstallisation is required to produce the observed chemical

voriotions in the basalts; cpx however does not occur as a phenocryst phase.

Based on this reasoning theg concluded that the chemical variations in basalts

cannot be reproduced bg crgstal fractionation at shallow magma chambers. 0n

the other hand, data presented in chapters 6,7 and 9 of this thesis stronglg

suggest that the llacquarie lsland basalts-dolerites and cumulates are

complementarg. The absence of cpx ôs a phenocryst phase f rom ll0RBs is n0t
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evidence for its crystallisation or not at low pressures, and possiblg at crustal

mEgma reservoirs.

Figure 6.1 shows that the llacquarie lsland harzburgites represent s0me

of the most refroctory rock tgpes; hlgh ln llg0 ond low ln alkalls and Al2Q. Their
llo

ffi*+ ratios are between 0.90 and 0.92. llacquarie lsland gabbros and Atlantic

gabbros ôre comparerl ln flgure l0.4.The l'locquarle lsland gabbros show less Fe

enñchment thon the Atlantlc Rldge gabbros. Eoth trends ore almost parallel to

the Skaergaard rock trend.

serrl (1981) plotted the Fe0*/1190 roilo yersus the TIQ content of

gobbros from ophlolltes ond the oceËn floor. He suggested that thls dlagrËm c8n

be used as a dlscrlmlnant for the tectonfc settlng of ophlollte complexes. Hlgh-

Tl ophlolltes are formed at maJor oceanlc spreadlng centres and low-Tl

ophlolltes are formetl ot marglnal baslns 0r bôck-orc spre8dlng centers. Flgure

10.5 ls a t#h yersus Tl& plot f or the llocquarle lsland gaDbros, and f or

gabbrolc rocks from the lllrl-Atlantlc Rlrlge ûnrl the lndlan 0ce8n. The llacquoñe

rocks plot ln the hlgh-Tl fleld End shory a slmllar trend to the I'lltl-Atlontlc Rldge

gabbros'Thelatterhowever,showmuchhlgherTlQcontentSandffi

rotios.

The crystallisation sequence in llacquarie lsland is olivine (+chromite)

-> plogioclose -> clinopgroxene. The crystollisotion sequence of low-Ti

ophiolites is olivine -) opx -) cpx -> plogioclase, ond that of high-Ti ophiolites

is olivine -> plogioclase -> cpx.The opporent resemblance of llocquorie lslond

with the high-Ti (or l'10RB-tgpe) ophiolites is also confirmed bg the order of

appearonce of minerol phoses. ln the mojoritg of ophiolite complexes, pgroxenes

precede plogioclose crystollisotion; this contrasts the low-pressure

crystallisation order of l10RE liquids, and suggests on islond-arc related setting

(or supro-subduction) for the vast mojoritg of these ophiolite complexes (Peorce

et al., l9E4).
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ln general, evidence presented so far from the l'lacquarie lsland oceanic

lithosphere is in agreement with the low-pressure crystallisation sequence of

the l10RB-like liquids, and support the presence of cn¡stal mEgms chambers of

relativelg small size as well as the complementaritg of tholeiitic lavas and

cumulate gabbroic rocks.

ln summary, Hacquarie lsland data on lithologies, mineral chemistru 0f

cumulus phases, crystallisation order of these phases, geochemistry of

plutonic rocks (cumulates and massive/isotropic gabbros) are in good agreement

with lithologic and petrologic data obtained from abgssal plutonics. The plutonic

ophiolite stratigraphg and the observed sequence of rock tgpes (puroxenites,

websterites, gabbronorites, plagiogranites) are not comparable to those of

llacquarie lsland. The compositions of the cumulus minerals from llacquarie

plutonics and ophiolitic plutonics differ substantiallg. A notable example is the

high-Cr spinel (chromite) from the ophiolite ultrabasic cumulates (transition

zone rocks). All this evidence suggests that the majoritg of ophiolite complexes

formed at a different tectonic setting than that inferred for l'lacquarie lsland.

The simÍlarities between the llacquarie lsland plutonic rocks and abgssal

plutonics from major oceanic spreading ridges, indicate the relationship of the

lithosphere exposed on llacquarie lsland to a major oceanic spreading ridge.0n

the other hand, the petrologic characteristics of ophiolite plutonics indicate an

island-arc or subduction (marginal basin) related environment of formation.

10.4 Mid-ocean flidge Easalts. 0ohiolitic lauas and the

Similarities and Petrotectonic lmolications

Studies on ocean floor basalts have been intensified since the sixties.

Sgstematic sampling of the l,lid-Atlantic Ridge (l'1AR), east Pacific Rise (EPR),
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lndian ocean and elsewhere has been undertaken to establish the petrographg,

mineralogg and geochemistry of basaltic lavas. Todag there is a mountainous

literature on the petrologg of oceanic basalts. lnevitablg, onlg stme selected

studies are referenced here. Earlg studies emphasized the predominance of

tholeiitic (subalkaline) basalts with large ion lithophile element depletion,

hence the name -abgssal tholeiites-. The compositional uniformitg of mid-ocean

ridge basalts was challenged bg Migashiro et al. (1969a). Basalts with alkalic

affinities were recognised later; Aumento (1968) described tholeiitic and alkalic

basalts from the llAR at 450N.

Brgan et al. (1976) summarized data from basalts drilled in the North and

South Atlantic and the lndian 0cean. Theg recognised two groups; a group of

tgpical abgssal tholeiites with LIL depletions (I), and a second group of basalts

wlth LIL enñchments (II). Phenocrysts of plagioclase Ar5-es, oliYine Foæ-go,

diopsidic augite and Al and llg-rich spinel are present in both groups. Theg noted

the petrographic and mineralogic differences between the two groups,

particularlg the higherTi-content of group (II) augites. ln ô surveu studg of

basaltic glass compositions from the Atlantic, Pacific and lndian oceans, llelson

et al. (1976) showed that the majoritg of the glasses f,ar. ffi ratios

between 50 ond 65. Tholeiitic basalts enriched in incompatible elements and

alkoli basalts (Ne-normative) stronglg enriched in incompatible elements have

been described from I{AR at 430N bg Shibata et al. (1979b).

Sun et ol. (1979) subrlividetl lt0RBs to three groups on the basis of their

incompatible element ratios, REE abundances and isotopic ratios (erSr/86Sr);

'Normal- l10RBs, incompatible element depleted tholeiites, -Plume- tgpe l'1ORBs,

incompatible element enriched basalts, and Transitional- tgpe ll0RBs, ü group

of intermediate geochemical choracteristics.

Subsequent studies emphasized the compositional diversitg of the 0cean

floor basalts. The well studied FANOUS area in the North Atlantic is an
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Êppropriste example. LeRoex et al. (lgEl) recognised picritic, oliYine-phgric,

plagioclase-phgric and plagioclase-pgroxene basalts. Based on petrologic and

geochemicaì evidence, theg concluded that the parental mÊgmEs of these three

groups were distinct. There is thus evidence for compositional variation even

within a site.

Studies of basalts from fracture zones truncating ridges indicate a great

compositional variabilitU, from tgpical magnesian t1ORBs to ferrobasalts and

FeTi basalts (Natland, 1980; Christie and Sinton, l98l; Bender et al., 1984).

Basalts erupted at the proximitg of hotspot areas include enriched (P-

tgpe) and transitional (T-tgpe). LeRoex et al. (1985), l'lumphris et al. (1985), and

Thompson and Humphris (1984) examined the geochemistry of basalts frsm the

America-Antarctic spreading ritlge close to the Eouvet plume, and from the llAR

at the vicinitg of Tristan da Cuncha plume respectivelg. Theg emphasized the

incompatible element enrichments in these basalts and suggested that the

observed compositÍonal variation can be accounted for bg mixing of enriched and

depleted basalt components at regional scale. Schilling et al. (1983) summarized

the available geochemical and isotopic data for the I1AR from 2SN to 730t'¡. Theg

concluded that the mantle at the proximitg of hotspots is enriched in most

incompatible elements and radiogenic isotopes of Sr and Pb relative to LIL

element depleted mantle source of tgpical t10REs.

The petrologg of the ophiolite extrusives is diverse and intriguing. The

Troodos complex is one of the better exposed ophiolites. A sheeted dolerite

complex is overlain bg a thick volcanic succession which comprises two units,

the Lower (LPL) and the Upper Pillow lavas (UPL) (Ëass and Smewing, 1973). The

UPL contain phenocrgsts of ollvine F0e6.€e, plogloclase An7gFs4 (Angs reported bg

Gass, l95E) and augite, and are more primitive than the LPL. Euhedral

phenocrysts of forsterltlc ollvlne Foee-ge and Plgeonlte wlth l'1g/(l'tg+¡e) ratf os

of 0.84-0.86 occur at the top of the sequence (Cameron et al. I 980; Cameron,

I 985). 0thopuroxene phenocrysts En6s-se and pigeonite microphenocrusts
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(l'1gt=84-86) are also encountered. lligashiro (1973) proposed an island arc

environment for the Troodos complex, based onlg on major element variations.

Subsequent geochemical and isotopic studies indicated a subduction reloted

tectonic setting (Robinson et al., 1983; HcCulloch and Eameron, 1983;Thg et al.,

1985; Rautenschlien et al., l9E5). The Jurassic Vourinos complex in Greece has

also been interpreted as an island-arc ophiolite (Noiret et al., l9El; Beccaluva et

al., 1984).

Pearce et al. (19S4) summarised the geochemical characteristics of

ophiolite complexes studied up to date. Theg concluded that most ophiolites have

geochemical characteristis of island arc tholeiites and formed in oceanic basins

located in fore- arc, inter- arc and back- arc settings. Theg named these

compl exes 'supra-subducti on zone' ophi ol i tes (SSZ-ophi ol i tes).

The petrologic and geochemical features of the l'lacquarie lsland basalts

and dolerites have been brieflg presented in chapter seven. The dolerites and the

tholeiitic basalts resemble the group I of Bryan et al. (1976), but the alkalic

basalts compare with the group II. The REE patterns of the alkalic basalts show

significant LREE enrichments and the tholeiitic minor enrichments. The very

interesting feature of some of these basalts is their verg low ZrlNb ratios (see

chapterseven). Figure 10.6 is a plot of Cr/(Cr+Al) versus Mg/(llg+Fe2+) ratios of

spinel phenocrysts from llacquarie lsland layas, abgssal basalts and from

Troodos lavas. The distinctlg tlif ferent composition of the Troodos spinel

phenocrysts and the Ìlacquarie lsland spinel phenocrysts, as well as differences

in phenocryst and groundmass phases stronglg support previous inferences for

the different tectonic setting of these two complexes. The compositional

corespondence of the llacquarie lsland and abgssal basalt spinels is apparent.

The petrographg, mineral chemistrg and geochemistry of ophiolitic lavas

and llacquarie lsland lavas show considerable differences. These differences

reflect on the different character of their parental melts and bg implication 0n

the different geotectonic setting of formation.
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Aumento (1968) suggested that tholeiitic lavas Ere the earlg extrusives

along the rift valleg, and the alkali lavas (high in normative nepheline) mark the

end of the eruptive cgcle alwags topping the tholeiitic cores. Stakes et al. (1984)

presented a detailed studg of the FAII0US rift valleg. Theg concluded that

primitive melts are extruded at an earlg stage in the historg of the spreading

ridge when n0 mügma chamber exists. TJhen a magma chamber forms, the mantle

derived primitive melts are buffered and so the extruded lavas become slightlg

evolved. As the mûgma chamber expands, the melts become moderatelg evolved

due to crgstal fractionation and magmÊ mixing. When a steadg state magmË

chamber develops, the expelled melts are fractionated, although primitive melts

can still reach the surface carrying with them xenocrysts from the cumulus

minerals. The model of Stakes et al. (loc.cit.) seems appropriate for llacquarie

lsland, because it can account for the stratigraphg and to some extent petrologg

of the extrusives; in addition, such a model invokes small and ephemeral magma

chambers.

10.5 The Conceot of Cn¡stal l{agma Ehambers

10.5.1 lntroduction

Evidence for the existence of magma reservoirs under the axial rift
vallegs is provided bg the thick cumulate successions of mang ophiolite

complexes. The stratigraphg and structure of mang well preserved ophiolites

further constrain the size, shape and longetivitg of such magma chambers. A

magma chamber is usuallg visualized as a variablg thick zone where injection of

mantle derived melts, fractionation, mixing and segregation of lagered rocks

take place (6reenbaum, 1972; Vine and lloores, 1972; Cann, 1974; Deweg and

Kidd, 1977). Seismic studies along the East Pacific Rise (EPR) and the llid-
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Atlantic Ridge (llAR) reveal a different story. The presence of a thick succession

of lagered troctolites, olivine-gabbros, anorthosites and stronglg laminated cpx-

plag cumulates on llacquarie lsland suggests cumulus crgstallisation in a

shallow level magma reservoir.

10.5.2 Geoohusical Considerations

Geophgsical studies on the MAR at 37ot{ and 450t{ Ere summarised bg

Nisbet and Fowler (1978). Theg concluded that -large magms chambers cannot be

present beneath the median valleg of llAR, but smaller mËgma bodies having a

combined diameter of less than 2 km cannot however be excluded'. The combined

geophgsical and petrological data presented bg Nisbet and Fowler (loc.cit.)

suggest narroyr and transient magma chambers. Their'infinite leek- model can be

summarised as follows; melting commences at about 60 km depth beneath the

ridge axial valleg. The sgstem mantle-melt starts moving towards higher levels.

As the diapirascends, the degree of melting increases. llagma segregates at l5

to 25 km depth (5-8 kb) and rises to a depth of 6-E km where it ponds at the

bottom of the crust.

Recent seismic studies along the EPR failed to detect ang axial magmô

bodies (Bratt and Solomsn, l9E4; Buhl et at. 1986; tlutter et al. 1986). These

studies indicate that ang tentative magmË reservoir beneath the ridge must be of

small size, <3 km in diameter, and placed at high crustal levels, approximatelg

l-2km beneath the sea floor.

.l0.5.3 Thermal llodels

A model on the cooling of oceanic cn¡st bg conduction was developed bg

Sleep (1975, 1978). A different model wÊs presented bg Kusznir and Eott (1976)

Both studies emphasize the verg small spreading rates necessary for
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maintaining steadg state magms chambers. Sleep and Kusznir& Bott calculated

half-spreading rates of 0.9 cm/g (centimeters per gear) and 0.45 cm/g

respectivelg. The maximum width of a magma chamber according to Sleep's

calculations is about I km for a half-spreading rate of I cm/g. The model of

Kusznir and Bott (loc.cit.) predicts a width of 6-E km for a similar half-

spreading rate. ln a later communication, Kusznir (1980) revised the minimum

half-spreading rate to 0.65 cm/g. According to this later model, the width of a

magms chamber could be not less than 3 km.

Lister(1983) modelled the cooling of the oceanic crust bg sea water

circulation. He concluded that the minimum half-spreading rate required for the

existence of a magma chamber þeneath the ridge axis is 5-6 cm/g.

10.5.4 Ìlaoma chamber models

Hagma chamber models deveìoped bg Cann (1974) and Deweg and Kidd

(1977). The'infinite onion' model of Cann envisages a high level magm6 chamber

with inward dipping (towards the ridge axis) floor on which accumulative rocks

f orm. The model successfullg accomodates the seismic lagering profile of

oceanic crust. Deweg and Kidd (loc.cit.) suggested a wedge shaped magma

chamber with flat floor. Cumulates segregate on the flat floor and massive

gabbro plating occurs at the top. These models and earlier models based on

ophiolite stratigraphg (Ereenbaum, 1972; Vine and lloores, 197Ð assumed large

môgmË chambers, more than 20 km wide (Pallisterand Hopson, l98l). Such

mügmû chambers are not consistent however with geophgsical constraints.

Notwithstanding the geophgsical eyidence, several observations from ophiolite

complexes Ëre useful. The thickness of a magma chamber can be related to the

thickness of the plutonic succession (cumulates) of ophiolites, which in the case

of the Samail ophiolite ranges from 3 to 5 km. The shape of the chamber as
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inferred fr0m the Somail ophiolite must have been funnel-like according to

Pallister and Hopson (1981).

A spreading ridge - magma chamber model has been proposed bg Stakes

et al. (1984).The various stages of magma chamberevolution according to this

model are described here as theg could Ëpplg to a Macquarie lsland tgpe magma

chamber. ln the initial stages of rifting, there is no magmô reservoir beneath the

rift valleg. At the very earlg stages, the erupted melts are primitive because

theg have been derived directlg from upper mantle peridotite assemblages, with

minor onlg (if at all) crystal fractionation en route to the surface through the

lithospheric fracture sgstem. The most primitive (magnesian-rich) Macquarie

lsland basalts could be related to such earlg stages of rifting. A magma chamber

begins to form and develop at sorne later stage. As the môgma chamber augments

in size, it achieves a steadg state wherebg input (continuous supplg with

primitive melts), output (lava extn¡sion) and crgstallisation (segregation of

plutonic rocks) are balanced. At steadg state, the extruded melts are moderatelg

fractionated. The formation of adcumulate rocks is believed to have taken place

during this phase of magma chamber development. The llacquarie lsland lagered

rocks must have been segregated in a môgma chamber under such steadg state

conditions. The majoritg of the llacquarie lsland basalts and dolerites (with mgt

ratios of 62t6) formed at this stage. When the replenishment rate decreases, the

magma chamber starts solidifging progressivelg. ln the advanced stages of

magm6 chamber solidification, the extruded melts are evolved and resemble

close-sgstem differentiated liquids. Such silicic or verg Fe-rich melts are not

present in llacquarie lsland and as a consequence it can be inferred that the

exposed lithosphere 0n llacguarie lsland is not representative of the later stages

of magma chamber evolution; it rather represents the intermediate stages, when

the magma chamber is well developed and the melts reaching the surface range

from primitive to moderatelg tlifferentiated.
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10.5.5 Dunamics of maoma chambers

Êumulate rocks from lorge continental lagered intrusions have

structures reminiscent of magmatic sedimentation. Their formation has been

traditionallg expìained bu crystal settling (Wager and Brown, 1967). The concept

of crystal settling has been questioned and challenged much later. lt has been

shown that plagioclase accumulation through settling is unlikelg to occur as that

would involve plagioclase sinking in a less dense liquid, that magmas do not

behave as simple Newtonian fluids, that crystals nucleate and grov/ against pre-

existing crystals instead of nucleating within a liquid, and that the rate of

crgstal settling due to gravitational forces is much less than the velocities of

the convection currents (Campbell , 1978; l'lcBirneg and Noges, 1979; Chen and

Turner, l9E0; Spart<s et al., 1984). Alternative processes have been proposed

based on the dgnamics of fluids. These processes are in-situ crystallisation and

double-diffusive convection (l'lcBirneg and Noges, 19791, and convective

fractionation (Sparks et al., l9E4).

Double-diffusive convection occurs in fluids when temperature and

densitg change the buogancg of these fluids. Eecause the magma densitg depends

on temperature and composition at the same time, convection in magma

chambers could be more complex than once thought. Turner and Gustafson (1978)

suggested that double-diffusive convection could be important in magma

chambers, and showed some effects in simple laboratory tank experiments. Such

0 process would result in stratified magma chambers, in both composition and

temperature. Stratification because of double-diffusive convection could result

from the upward flow of fluid (magma) whichforms a boundary lager in contact

to the nucleating and growing minerals, and the formation of a more

differentiated (colder) fluid collecting at the roof of the magma chamber and

overlging less differentiated (higher temperature) magma.
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Sparks et al. (1984) introduced the concept of convective fractionation.

Êrgstallisation at the walls and on the floor of the mûgma chamber would result

in lighter môgmËs (more buogant) which tend to rise and cûuse compositional

convection. Compositional convection in magmas is important because it
accounts for the separation of the liquid from the crystals and consequentlg

drives crystal fractionation. Sparks and his colleagues Ërgued that densitg

changes during crystallisation have large compositional effects on the liquid.

The fromation of adcumulate rocks has been explained bg such s process akin to

compositional convection bg Tait et al. (1984). The lagered rocks of Hacquarie

lsland are mostlg adcumulates. Theg could have been formed bg such 6 process,

slightlg off the ridge axis where there are non-turbulent conditions in the

magma chamber. lmmediatelg beneath the ridge axis, the environment is too

turbulent to allow densitg and thermal processes to operate. Consequentlg, the

adcumulate rocks must have formed slightlg off this turbulent zone.

Huppert and Sparks (1980) presented a model for an ocesnic ridge magmÊ

chamber and tried to exploin whg picritic magmas neyer (or very rarelg) erupt.

At the same time, Stolperand Walker(1980) suggested that l1OREs erupt at their

densitg minimum, through the 'window of eruptibilitg-. The model of Huppert and

Sparks (1980) invokes picritic mËgmôs entering the sgstem and pondering at the

floor of the chamber because theg are denser than the overlging basaltic liquids.

Heat is transferred from the lower picrite lager to the upper basaltic lager

through a double-diffusive interface till the densities of the two lagers become

equal. When this happens, mixing occurs. ln other words, the liquids become

horizontallg stratified and convective fractionation takes place till the'roll-

over'of the chamber(Rice, lgSl). l{hen a less dense liquid enters the chamber

sgstem, immediate mixing occurs due to turbulent plume formation (Sparks and

Huppert, 1984. ln the case of denserliquid projecting upon enrtg into the

chamber to higher levels due to its velocitg momentum, it will alwags subside

back to the bottom of the chamber (Turner and Gustafson, l97E). The dgnamic
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processes in l10R magms chambers predicted bg such a model are compatible

with petrologic models arguing forpicritic parental magmas (Green et al., 1979).

Following the discussion of chapter nine, it is verg unlikelg that picrites enter

the magma chamber beneath the rift valleg, and the 'picrite paradox' is not a

major problem in the basalt, in particular ll0RB, petrogenesis.

The presence of magmatic currents in the large basic continental lagered

complexes is well documented (lrvine, lg80). Although some structures of tfeh

Hacquarie lsìand lagered rocks resemble those structures, it is very unlikelg

that extensive magmatic current circulation and lager deposition took place

immediatelg beneoth the ridge axis. The occurence of the uppermûst laminated

gabbros provides some evidence for the operation of such convection currents.

The characteristics of these lagers (isomodal with intrusive relations) indicate

that crystallisation occured in-situ and was frequentlg intemrpted bg new

magmû influxes. The smoll scale lagering features can be explained bg double-

diffusive convection and bottom crystallisation (lrvine, l9E0); here, it is
assumed that individual lagers or packets of lagers belong to a single batch of

magma input and crystallisation cgcle. This involves the gravitational

stratification of the liquid into horizontal lagers and the development of

convection cells in a lager-to-lager scale. Such a mechanism can account for the

irregular distribution of olivine and plagioclase between adjacent lagers.

l0-6 Conclusions

The main conclusions of this section in conjunction with inferences

from the previous chapters of this thesis have as follows:

L The thickness of the llacquarie lsland plutonic suite is about 2km.The

exposed sequence of logered rocks ls less thlck (1l.skm) than that in other

ophiolites. Pgroxenites, norites, podiform chromite deposits and late stage
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felsic differentiates are veru common in ophiolite complexes, but absent in

l'lacquarie lsland. ln ophìolites, pgroxenes precede plagioclase crystallisation; in

contrast, plagioclase alwags appears before clinopgroxene in l.lacquarie lsland.

2. Thick sections of tectonised peridotites sre exposed in msng ophiolites. The

haraburgite of llacquarie lsland forms onlg a verg narrow zone along the west

coast. ln both ophiolites and llacquarie lsland, these peridotites are depleted and

refractory in composition indicating a residual origin. The partial melting event

which produced the Hacquarie lsland harzburgites was confined in the four phase

volume 0l-En-Di-Sp, wheress the partial melting event(s) that Produced the

ophiolite peridotites advanced in the three phase volume 0l-En-Sp, elìminating

so Di from the residue.

3. The Hacquarie lsland lagred rocks are adcumulates. The compositions of their

constituent cumulus minerals show limited variations. Ëompositionallg, the

cumulus minerals of the lagered rocks and the phenocrgsts of olivine/ spinel/

plagioclase/ clinopgroxene in the basalts-dolerites are identical. ln additi0n,

crystallisation modelling and least squares calculations also suggest that the

major element compositions of basalts and dolerites are buffered bg cumulus

crystallisation in a crusîal magma chamber.

4. The geochemical characteristics of the plutonic rocks (lagered rocks and

massive gabbros) are comparable to the high-Ti or H0RB-tgpe ophiolite

plutonics. Such complexes originated in major oceanic basins, awâg from the

influence of ang subduction zones. The geochemical features are also supported

bg the crystallisation order 0l->Plag->Epx which is similar to the l0w-pressure

crystallisation order of ll0RBs.

5. The size of the magma chamber can be predicted bg the thickness of the

lagered rocks. A total thickness of lkm to l.Skm is inferred from fÍeld relations.

The lateral extent of such Ë mËgmü chamber is difficult to evaluate due to the

non-continuous lateral outcrop of the lagered rocks. ln ang case, it cannot be of

the orderof 6km, as hss been suggested bg Kusznirand Eott (,l976).The more
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likelg magnitude is around lkm; the half-spreading rate forthe existence of such

a chamber width must be very small, possiblg less than lcm/gear. Such a

spreading rate however is too small for the existence and maintainance of a

magms chamber according to Lister's (1983) calculations.

6. The msgma chamber is an open plumbing sgstem. lnput of primitive basaltic

melts, crystallisation, and extrusion of lavas are balanced in a steadg state

period. Primitive lavas mark the earlg stoges of magma chamber formation and

development. Crystalìisation in the mûgmr chamber occurs in-situ at the walls

snd on the floor. Adcumulate rocks form through fractional crystallisation

processes such as convective fractionation which are driven bg convection.

7. The massive gabbros overlging the cumulates form a 500m to less than lkm

thick horizon. Theg represent rocks crystallised at the roof of the mûgms

chamber. Their position in the sequence and bulk rock chemistry indicate that

theg are liquids crgstallising at the base of the dgke swarms (sheeted Dgkes),

underpìating so the upper crustal sequence and isolating the msgma chamber

beneath. Their stratigraphic position and thickness also suggests an inverted

funnel-shaped magma chamber (see also Pallister and Hopson, l98l ).

8. Pillow lavas and massive lava flows (mainlg) make-up the volcanic section.

Their mineralogg and geochemistrg show s range from tholeiitic to alkalic

compositions. Their geochemical characteristics as well as the composition of

the spinel phenocrysts differ markedlg to those of ophiolitic lavas, but are

comparaÞle to those of abgssal basalts.

9. The alkalic lavas sit on top of the tholeiitic lavas; theg are also

metamorphosed to lower grades than the tholeiitic ones. The alkalic basalts have

incompatible element enrichments and incompatible element ratios similar t0

the -enriched' tgpe l1ORBs. The obvious explanation wouìd be their production bg

an -enriched' mantle. Very rarelg, the alkalic basalts carrg olivine and spinel

"xenocrgsts- which are more magnesian that those of the basal cumulate

troctolites. Their spatial distribution and geochemical-mineralogic features
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together with inferences from well constrsined petrogenetic modelling 0n

magma generation in the uppermantle bg tlcKenzie and Bickle (1988) suggest

that these alkalic basalts have been produced bg small degrees of partial

melting, possiblg at more than l3kb pressure, of a homogeneous source.Their

extrusion has taken place at the earlg rifting sttges, when a mägmË chamber had

not deueloped (or was in an immature stage) or/and at the closing stages of a

volcanic cgcle, when the magma chamber htd solidified.

The tholeiitic basalts represent large degrees of partial melting,20g-

25ß, at shallow depths, approximatelg <30km. Although some incompatible

element concentrations of the tholeiitic and alkalic basalts can be exploined bg

binary mixing of a -depleted- and an'enriched'component as shown in figure

9.14, it is more likelg that the observed compositional range resulted from

polgbaric mixing of melts produced bg different degrees of partial melting. This

petrogenetic model provides an intergrated framework for basaìt generation in a

convecting upper mantle without resorting to mantle heterogeneitg and

ambiguous mantle metasomatism processes. Hower*er, isotopic data on Sr, Nd and

Pb are required to corroborate this conclusion.
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Figure 2.8. Geotectonic feotures in the Southern Pocific.
Australia, Antarctica, New Zeolond ond o portion of South
Americo are shown bg the shoded oreôs (from Hoges ond

Talwoni, 1972).

A. Present dog plote configurotion.
The l'lacquorie Ridge Complex is shown bg the solid curve. The
relotive motions of lndion, Antorctic and Prcific plotes ore
indicrted bg orrows. The extension-accretion boundorg between
lndion-Australi¡n ond Antorctic plotes is olso marked. The
mognetic lineotions ore morked on each side of o spreoding
ridge. lll indicotes the location of llocquarie lslond.Ooshed
lines indicote transcurrent faults.

ts. Positioning of plates of Anomalg time 5. The 1'l0cqu0ñe
Ridge Complex is olso shown bg the solid cune. The motion of
the lndion-Australirn plote relotive to the Pocific plote is
indicated bg the orrows. The lndion-Austrolian - Pacific
spreoding ritlge is now shown bg Anomolg 5.
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Figure 4.2. Ã NiO versus Fo-content plot of
Macquarlc Is1and olivines fron thc plutonic rockg.
NiO in welght percent. Rcprescntativc aaalyses are

plotted on1y. Data frora the ollvinc-gabbros fron
Hand.spike area arc shown ln the I'H-ANDSPIKEi plot. They

d.eflne trend h. Data fron the troctolltes and. olivlae-
gabbros at L,a-ogdon Bay and Half-l{oon Bay are shown in
thc nH.å,LF-MOON BAYrr plot. fbo tre¿ds with d.lfferent
slopes, i snd. c, are deflned ia thf.s plot.
Data from thc herzburgltcs, the North Mor¡¡tein weh¡U.te

and the Upper Level Gabbro arc shown in the right-hand.
sid.c plot. Ollvlnes ia thc Uppcr Level Gabbro d.efi¡c
trend u. This trend has sinllar slopc to tread. a.
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Flgure 4.3^. Conpositional variation in oliviae, la terms
of lts forstcrlte content (Fo) 

' in two layercd' troctolltes from
thc Eaglc Bay outcrop. Sanples 324 and )9).
Each specimea was cut normal to layering first. lhea, two
pollshcd-thin sectloas vcre nads from each slab. One
pollshed-thin sectioa fron the upper part and a second fron
the lower part of each slab. the vertical distance from
the base of the lower part thin section to the top of the
uppcr part tkrin scction ls 8-9cn.
Each aquere ls thc average Of two or more ¡nicroprobe analyaes.
The ctratigraphlc varlatloa ln the oli'vi-ne Fo-content Ls
tinlted to lcss thaa lnoI/" Lt both sa-oples- Fo-content
d.screageg sllghtIy with stratigrephic height ln sample 324'
wbereas it inLtially decreases but thcn ir¡creases in sa^nple )9).
It ig cmphaslzcd. hcrc that tbc analyttcal prcciston is g1S
for neJor clcmonts; rcplfcatc aualyecs are also accurate
wlthla ¿19ú.
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le ltnitcd to 2.5mouifi. Eorizontal bars i¡dlcetc tbc obscrvcd

rargc rÍthtn aa.nplc; tt le alraya lcss th8.n lmol;%. Ílho

patteras ers dcveloped. Pattcrn I d'eflnes e trend of
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Figure 4.4.4. Macquarie fsla¿d spiÃe1 conposi.tiotls
plotted. ln thc 100Mg/(ug+rc2+) - 100cr,/(Cr+41) projection
of the splncl compositional pr1sm. In thc f'TROCTOI,ITESTT

plot, Cr-spinels from troctolitcs ere showa by open

circles. the North Mountain wehrlite spincls ere ghown

by X, and, spinels from the nefic iatrusive layers at
Handsplke Poiat by crosses (nainly sample 358).
I¿ the nIJAVi.Sn plot, corc epinel conposltlons (phcnocrysts

or xcnocryets) fron thc levas arc only iaclud,ed. (opea

clrcles). The area dcfiaed by the dotted curvc indicatcs
thc ficld. of spiael pheaocrysts from abyssel basalts (aftcr
Dlck a¡.d. Bullen, 1984).
the 'tHarzbrrrgl-tcn plot prcsents sclected data of Cr-spinels
fron the ÌÍacquaria ls1and harzburgitoe.
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are chowa by open circreg; crosses are spincrs fron sanple 359.
r¿ the 'rrAvASñ lnset, thc corc composttlons of sptncl xenocrysts
are showo by opca circres, end thc rlm composltloae by fllIed,
clrcres. the "t[EHRI,rrEn insct ehows the eptncl trcad. fron the
North Mou¡tain wehrllte u¡it.



F 4.4b

Flgure 4.4.C. Projectlon of the trivale¿t catioas
crJ* - ¡,1f* - Fe3+ of Macquaric rsla¿d. spinels.
Spinels ln harzburgite have the lowest ferric i¡on
contcnt and. plot ln the cbromian spiacl field (not
shown). Splnels in lavas and thc Nortb ilountain
webrlltc plot in thc semc ficId., and. hevc blghcr I'c3+

content. Splnels ia troctolltes and sa.nplc 358 (an
lntnrsive layer in the Hand.splkc Point ollvlnc-gabbros)
show a¡. lnltial carlchmcnt ln Cr, followcd by Cr and

?¿Fc-' increases; tb.e ferrlc lroa lncrease ts bcttcr
proaouncéd by spincls from sanplc 358. These splnels
plot ln thc aluni.nj.an chromitc fleld.
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Figure 4.5. TiO2 content (wtt) versus Cr-ratios of the cumulus

spinels. Open circlcs are Cr-spÍnels from troctolites andcrosscs

from the mefic intnrslve le¡¡ers.The two vertical lines ouÈline the

fielct of plagÍoclase therzol.iÈe spinels (fron Dick and Bullent

r984).
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E 4.6

Figure 4.6. AT¡O2versus 100'Mg/(Mg+Fe2*) plot of Macquarie

lsland Cr-spinels. TiO2 is in weight percent. Open circles represent

Cr-spinels from the cumulate troctolites and the intrusive

melanocratic layers from Handspike Pt. Cr-spinels in these

intrusive layers have the highest TiO, contents and the lowest

100'Mg/(Mg+Fe2*) ratios. Filled circles are Cr-spinel xenocrysts

from lava M14; data on spinel phenocryst compositions from

Cameron et al. (1980) are also included.
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Flgurc 4.88. Corc - rlm conposition veriatio¿s J.n spinel rcaocrysts
from the lavas. AII analyscd. rims are b1ack, contrastlng the
typically ¡cddish-brown corcs. Open circles rcprcscnt cors
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F 4.9

Figure 4.94. Llecquaric lelard' pyroxcnê comPosltloÃs

plotted, in the cnstatite-ferrosilitc-wollastonlte
(Ug-Fe-Ca) ternary. Orthopyroxene conpositions represcnt
axsolutlon lamcllac, rnore than 5¡n in width, fron
clinopyroxere. in the l,ayered. rocks. Clinopyroxenes

ln harzburgitc and thc layercd rocks arc diopsldee.
The orthopyroxcnce ln harzburgitc a¡d the exsolved

orthorhomblc Ca-poor phase (fron cliuopyroxcncs) 1rr

the rocks of the layercd scqucnce are c¿statitcs'
followLng thc classlflcatlon of [orlmoto ct aI. (1988).
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F 4.9a

Figures 4.98 to E. Conpositional characteristics of plutonic

clinopyroxcnes, harzburgj.te pyroxeÃes and cllnopyroxene

phenocrysts (Iavas only) from Macquarie Is1and.

4.98. A plot of Crro, (Yr%) against atomlc 1o}'Il18/(Ms+rc)

for plutonj,c cllnopyroxe¡les, and. cli.aopyI.oxcÃc phenocrysts

in the lavas. Plutonic cllnopyroxcnea are from thc

Iayered troctolltes, ollvine-gabbros a¡d' Ianinatcd' gabbros;

the l¡nlnated (also liaeated,) gabbros arc the uppernost

rock typc from the layered sequence. The data for
clinopyroxcre phenocrysts are taken frorn Griffin (1982).

4.9C. Conelation of 41203

Symbols as ln 4.98.

coatents (v-r'ft) wlth loo'Mg/(Mg+Fc).

4.9D. TiO, versus 1OO'Ug,/(Ug+Fc) plot. Synbols as in 4'98'

4.98. Correlation of CtrO, and' Â'1r0, contcnts (Yv/") of harzburglte

pyroxenss ¡rlth their 1OO'M8,/(Mg+Fe) ratloa' CllnopyroxGrres

(squcres) are d,i-stlnclly morc magnesian than thc

coeristing orthopyroxe.aGs. Clinopyroxencs represent

interstltial naterial and' exsolvcd phases'
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Flgurc 4.9F. Catioa plot of SL versus tetrahcd.rel Àl (tfIV
for cllnopyrorcocB in thc laycrcd troctolltcs a-ad

orivine-gabbros. criaopyroxsÂea derivcd fron thoLeiitic
nelts a¡c chemlcatly dlfferent fron tb,osc derlved fron
alkallc nelts. the dlvislon betwcea tholclitÍc e.¡rd

alk¡Ilc clinopyroxen.es ls baeed on Kushiro (1960). fhc
Macquarie Islarrd clinopyroxcnes (snell filled. circles)
plot ln the tholelitlc field,.
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Flgurc 4.9G. Cocxlstlng cllnopytoxc¡lê ( fiIled circles)

a"d cxsolvcd, lor-Ca pyroxeae (crosses) conposj-tions from

' thc layercd rockg. Î1c liace co¿¿ect cliaopyrorcac

aad thc cxsoÌvcd low-Ca pbase. Sk ie tbc Skacrgaard,

pyrorcn,c tread. R ts tbc EOOoC solms of Roes and Huebacr ( t g75) .
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F 4.10

0tivine - Gabbros

Troctotites

Anorthite
90 80 70

Figure 4.10. Histogram of plagioclase compositions from the

olivine gabbros and troctolites. TotaI number of plotted analyses

for olivine gabbros 200, for Èroctolites 100.



F 4.11

Flgurc 4.114. Plutonic plagioclase a¡ralyses plotted

in the A¿-Ab-Or ternary. The conpositional variation

observed. in four troctolltca, and' six olivinc-gabbros at1d,

ollvinc-free gabbros (GÂBBROS) ls shown. Both, corc

a¡d rim compositlons are plottcd,. The tra¡sitio¡al

gabbro (salnples 214 aod ?24) iE tbc uppcrmost leycrcd'

rock typc; f.t shows well dcvelopcd' lgncous la¡inatio¿.
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Upper level gab l>ro
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Flgurc 4.118. Rengc ln plagloclast compositio¡l
wltbln lndivldual sanplcE from tbc Upper L,cvcl Gebbro.
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E 4.11

Figurc 4.13Â. Catlon correlatlon in plutonlc plagioclascs.

À C¡ versus À1 plot of plagloclase from troctolitcs (crosses),

layered. ollviae-gabbros (open E quarcs) and Uppcr I,evel gabbro

(fillcd circles). Thick linc (pointed by the solid, arrow) is

the best fit lins to }lacquarie Isla-ud. data. TÌ:'in llne (Lndlcated

by the short open arrow) is the predlctcd line from feldspar

stoicblonetry.

4. 1 38.

4.13C.

4.13Ð.

.å. Ca vcrsus A.I+Fo+2 jtrg plot.

A. Ca varsus Si plot.

A. Ca vernua Si-Mg-Fc plot.
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Flgurc 4.14.
011vlne, plagloclasc a¡rd clinopyroxeÀe cryptlc varlatloa
ln a scctlon th¡ough tbc llacquarJ,c Island pluton1c

sulte. Samplc 358 ls an lntn¡slvc Dafte la¡rcr in
thc ollvi¡¿-gabbrog at Hand,eplke Po1¿t. Se.nplc'202

1r a gebbrotc scrcca frou thc d.ykc ararn at Gadgcts

Gu11y. Eorlzoatel bara lndlcatc thc conposltloaêl
reñgc obse¡ved ln cach sa-nplc. Thc raÀgc ln plaglocl¡sc
conpoeltlong ls greatcr ln thc Uppcr lcvcl gebbro

than la troctolltcs and ollvlne-gabbros¡ cort ¡¡d r{.u
conpoeJ.tlo.aa arc plottcd.
R-E: resld.ual harzburgltc, ot: olLvlnc-rich troctolltc
aegrcgatlon¡ (feO morc tban 3Øovl),
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F 5.t

Figure 5.'1. Representatlve aaalyses of anphiboles
fron the plutonic rockg¡ EIre plotted ln a Si versus

Itg,/(ug+¡'e2+) d.iagra-n. the upper plot ls for amphiboles with
a catl-on sum of Na and. K in A eitcs of less than 0.5.
The lower plot Ís for amphiboles Fith total Na+K cations
ln A sltes of lese or equal to 0.5. Thc classificatioa
is based oa Lcake ( 1978).

Upper plot: Fillcd circles are pale grccn to colourless
amphiboles ln the Upper T,cvc1 gabbro. They fo:m euhedr¡l'

fringes around cllnopyroxcac, possibly aÉt 8 replacement

phaec. Starg are well devcloped green hornblendes ln
sarnplc 726. Scnl-fllled circlce are strongly plcochroic
groen a.nphlboles from a sccoad.arXr monomÍacralic vein ln
Upper Lcve1 Gabbro. 0pen circlcs are colourless a-rnphlbolee

fron thc layered. troctolltes; tbey plot 1n the trenolltc
flcld,. the fieltls from thc lcft hand sltle to the right ha¡rd.

eide, for Mg/(ttg+trez+) ratios of morc tban 0.5, are
actlnoliter actLuolltic horablend.c (4.H3. ), nagncsio-

hornblende (llG-EB), techerm¡kitlc bornbleadc and tschermakite.

ï,owcr plot: A Sl vcrsus Mg./(Ug+l'e2+) plot for colourlsss to
pale green empblboles from layercd troctolltcs. The sr¡n of
Na and. K in Â sites ls grcater than 0.5, and. Fc3+ ls greatcr
than AIvi 1o rII enphlboles. 8.H3.:cdanltic bornblende,

P.m. : pargasitlc bornbleadc, PARG: pargasltlc horableade.

Catioa recalculation on the bagis of 23 orygctrs.



+
?

A. HB.

TINOLITE t
ll€

o

oD

;t

o

MG -I{

f+*
T

Éb I

(Na. KL< 0.50 T¡<0.50
TSCHERMAKIÏIC

HB.

6.5 6.zs 6

TREMOLI TE

1.0

.5

0
+
+

O)
ll

+
cir

cil
( Na. K [> o.5o Ti < o.5o l=e3*>Alu¡

1

5

0
7.5 7.2s 7

S¡

I

E. HB.
ø

EOENITE
PARG.

,

P. HB.
o 0q



F 5.2

Flgure 5.2. .4. plot of 51 cations versus the Na+K cations
in À sites for plutonic amphiþe]ç9. Symbols a¡e aE follows,
a2 colourless amphibole in layered. troctolites,
c: colourless amphibole in Upper Lcve1 Gabbro, filled circles:
colourless to pale green amphibole replacing prinary
clinopyroxene in Uppcr Level GabbroropeÂ circles: bright greea

hornblend,e la dolerltic gabbro (sa-mp1e 726),
X: pleochroic a^mphibole in troctolltcs, 7'z colourlcss a.nphlbole

Ln troctolites, +r strongly pleochroic a.mpblbole from a

second,arry veln 1¿ Upper Lcvcl Gabbro.

ClassLflcation accordlng to Lca-kc (tgZg). lbe plcochroic
arnphlbolcs plot 1n the cde¿ltic hornblende (E.EB. ) field, the

colourless in the tremolitc-actinolite (m-¡,c) fieltl, and

the bright green hornble¿de ifron¡ sa.nple 726 Ln the b.ornblende

a¡rd. actiaolltic hornblcnde (¡.93) field.g. F.P.EB. is
ferroan pargasitic hornble.ad.c. (Analyses recalculatcd on 23 o:rygens).
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F 6.1

Flgure 6.1. Variatioa of the major orldc contcnt (wtf6)

with the MgO contant (vØ) in Mecquarie Isla¡rd harzburgites

(shown by filLed circlcs). thc conpositlonal varlatioa

in abyssal perid.otltes (open circles) 1s significantly

greater. The Macqueric Island rocks plot towards the high-MgO

cnd of thc abyssel pcrid.otite ficld'r and lowcr Nat0 and CaO

contents. Data sourcêa for abyssal peridotttcs:

Aumento and. L,oubat (19?1), Hekinla¡ and. Ar¡nento (1973),

Prinz et al. (1976), Sbibata a¡rd ThonpsoÃ (1986).
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o H.rrzburgite

Layered rocks

o Massive gabbros
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Figure 6.2. AFl.t plot for plutonic rocks and dolerite

dykes in the layered sequence and massive gabbros.

A= Na2O+KrO' F= total Fe and Þl= t'lgO.

All oxides in weight percent.
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Figure 6.3. t{gO variation diagrams for the layered rocks (dots).
Two samples frorn the North trtt. wehrl-ite are shown by squares.
The oxides in weight percentages.
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Figure 6.4. A TiO2 versus MgO plot of Macquarie lsland

layered rocks. Both oxides in weight percentages.
Anorthosites from the layered sequence are not plotted.
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Figure ó.5. Concentrations of Ni and Cr (in ppm) relative to ttlgO

(in wtt) in the layered rocks. The filled circle represents an

anorthositic 1ayer.
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Figure 6. 6. Correlation of the Sc and V abundances tppTì with
thõse of Ti in the layered series. Open circles: troctolites'
filled circles: mafic intrusive layers in olivine- gabbros'
squares: olivine- gabbrosr hexagons: laminated gabbrosr crosses:
structureless gabbros.
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Figure 6.rr. Total Fe (reo+Fe2o3) and Tio2 contents of the

massive gabbros in terms of l4g-values. SoIid hexagons represent

the two North Mt. gabbro samples. Other symbols as in figure 6.10.
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Flgurc 6.17.

Stratigraphlc varletion of nlckcl, tltanlum ¡nd. zirconlun
ln thc Macquaric Is1and plutonlc rock typce. lhc herzburgltes
(R-H) havc thc highcst Nl-content ¡.nd. aegligible Ît and. Zr
contc¿ts.In tb.c rocke of thc laycred sequeÃce, Ni ls highest
in the troctoll-tes; Ni contcnt roduces grad.ually up-ecction
aad. approaches the lowcet conccatratloas in the uppe:most

olivlne-gabbroe and lanlnated, ollvlac-frec gabbros. In thc
ollvinc-rlcb scgregatJ.ons (ot), Nl shorE co¡rsidcrablc lncreascs.
The coaccntratlons of Ti and Zr in the laycred. rocke ere

constently vcry low; lll shows minor lncreascs in the uppc:most

Irycred. oU.vlne-gebbros atrd laroinated gabbrot. Sanplc 358 1s

en Lntrusive maflc layer ia the ollv1ne-gabbros at Handspike

Polnt. In thc Upper L¡cvc1 Gabbros, thc concentratio¡ of Ni

is nalntained. unifo¡:nly low; fJ. and. Zr conlcnts lncrease
progrcssivcly up-scction, and reach thc Ìrighcst concentratlons
la the uppcr parts of thc u¡it aad, on ncarLng thc D¡rkc Swar:u -
U.L.Gb. coatact.
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Flgurc 6.18. Thc no:meU.scd Ti conccntratio¿ in llquids
cocristl¿e ritb. tbc laycrsd rocks (Cr/Co)tt is plotted
ageinst the pcrcentago of crTstallisation. The Il coatent

of tbc llquitts (oPcn clrclcs) coc:dsting rith tb'e la¡rcred'

rocka h¡s bcen c¡lculatcd from thc Ti-content of tbc

clinopyroxcrlc essunÍng " *ft(cpx-ltq) = o.3 (Pcerce aad'

I{orry, 1979)i tbcn the T1 velucs tclc no¡nalised' to the
' Îl--contant of tbc lJ.quid, coeristlng rith the

Iowernost troctolltes. Curvc I rcprcscnts thc variatlon
in the liquld Îl-contcnt during fractlonal crystallisatloa
ln a cloecd. system; thc curvc bas becn calculated from thc

cquatlon of fractLon-el crygtallisatlon assuni¿g e fractionating
asscmblage of olr'p1aS 4rcgx3r, whlcb is thc observed

avcragc assemblage of the cunulatcs.
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Figure 7.1. A plot of the Sc against V concentrations (in ppm)ol Macquarie
lsland dolerite dykes. Dolerite dykes from different stratigraphic horizons

are plotted. Symbols according to the legend. Dolerites from different
levels of the crustal section have comparable Sc and V contents.
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E 7,6a

Flgurc 7.6L. Variation of M¿O and 1lO, (Uottr oxi.des in

wcight perceat) with tb.e Mg{ ratio of basalts and dolerlte

d.ykes fron Hacquarie Island. Both oxides show a typical

negative correlation with the MgS ratio. Open circles: dolerite

d.ykes, fillcd. rhombs: alkallc basalts, open squares w-lth dot

ln thc ccntre: tholciltic basalts.

The variation of the transition elcments with the Mgl ratlo

is shown for all analysed. samples. Ni and. Cr decrease with

differe¿tiation, while V increascg. Sc shows a broadly

defiaed, d.ecreasc wlth d.ecreasiaC Mgf . Thc dolerite dykcs

have charactcristically highcr Sc contents than the basalts.

AIeo, the d.ykes have as a g?oup consistently higher V content

tha¡ the basalts. Conccntrations of Ni,CrrScrV in ppm.

Mgt - 100.M9,/(Ug+Fe).
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Figure 7.6D. Summarg of minor oxide contents and

trace elements abundances of the Macquarie lsland

basalts. Pz0s and Ti0, are eHpressed in ureight

percentages. Trace elements Zr,Y, Nb, Cr, Ni, Ti are

all eupressed in ppm. The alkalic basalts

(Ne-normatiue) are shoun bg filled circles and the

tholeiitic -tUpe (Hg-normatiue) bg open circles. Good

positiue correlations Ere shoun bg the alkalic lauas

in the incompatible- incompatible element

(P20s-T¡O, Zr-T¡02, T¡-Nb and Zr-Nb) plots. ln the

compatible- incompatible element plots (Ni-Zr,

N¡-Nb , Cr-Zr, Cr-Nb), the dispersion of the data

points is not consistent ¡uith possible crUstallisation

or melting trends. The tholeiitic basalts shou good

positiue correlations in the Zr-Ti0, and P20s-T¡02

plots, and poorlg defined negatiue correlations in

the Ni-Zr and Zr-Cr plots.
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A 1i0^ - MnO.10 - P.0..10 ternary di-agran for thc Macquarie¿ ¿)
Island. basalts and. d.olerites. Opca circles=basalts,

filled. rhombs=d.olerites. The fields of basalts ând

bascltlc and.csites are from MuIIen (1983); I¡10R3= mid.-ocean

ridge basaltsr IÀl= island arc tholeiitesr 0IT= oceall

isla¡d. th.olciites, 0IA= ocea¡r islaad alkalic basalts.

the Nlacquarie Island. rocks extend from the MORB field to the

ocean island. rock field; the krigh P,OU contont of the alkalic

basalts i¡rdicates small perceatages of partial nelting' a

characteristic feature of ocean island tholeiitic aad alkalic

basalts.
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FIGURE 7,9.

A A Ti vcrsus V plot for the Macquarie Island intrusive and.

extrusive rocks. FiIled squares: cumulates, crosses: massive

gabbros (Upper T,evel Gabbro sanples), opcÃ squares: dolerite
dykes, filled circles: tholeiitÍc basalts, rhombs: alkallc
basalts. l,ine c is the co¡r.stant Ti/V ratlo of 29. lrend line
a Ís the olivine+plagì-oclase fractionation tread fron 0/ to

4VÁ fractionationi initlal Ti and. V contents are 4000 ppn

and 140 ppn respectively. The proportions of olivine and

plagioclase ad.opted in the calculatíons were 25'/" and 75%

respectively, very slmilar to the avcrage node of troctolites.
Trend b is the olivlne+plagioclase+clinopyroxeno fractio¡ration
trend.; the percentages of these minerals employeo in the

calcutatlons vere 1)fo, TOiL and 25"/ô. Such a mode is similar to

the average ollvlne-gabbro of the layered sequênce. thc
Tl a¡,d. V contents in the initial nelt were chosen to be

6000 aad. 200 ppn. Fractionation trend b is shown from ù,6

to 40% oL+plag+cþx fractlonatlon.
Tread d, is the trend defined by tbe Macquarie Island alkalic
basalts.

B. Â 1o911 versuÉr IogV plot of Ìrlacqua¡ie Isla¡rd intrusive and

cxtruslve rocks. Symbols as ia Iegend.
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Figure 8.1.

Plot of the normalised Fe2*-Mg olivine-spinel distribution coefficient

lnK*o versus the C/(Cr+Al+Fe3*) ratios of the Macquarie lsland Cr-spinels,

The Yr"r* of Cr-spinels was taken as 0.05. The plotted data are from

olivine-spinel pairs in troctolites. Open circles are pairs of Cr-spinels

included in plagioclases and olivines in contact with these plagioclases. X

represents pairs of large olivines and Cr-spinels inluded in these olivines.

Filled circles are pairs of Cr-spinels lying at the boundaries of plagioclase

- olivine crystals and adjacent olivines. Lines 1 and 2are the 700oC

isotherms of Evans and Frost (1975) and Roeder et al. (1979) respectively

Lines 3 and 4 are the 1200oC isotherms of Roeder et al. (1979) and Evans

and Frost (1975) respectively.
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Flgure 8.3. Plots of spinel grain size (dla^uctcr in u)
agalnst the calculated equilibration temperature 1" (ln degrees

Celcius) fron the olivine-spinel thermomctric expression of
Roed.er et aI . (1979). Selected. d.ata from thc d.iffcrent rock types.
(A). Relatioashíp of spinel grain slze and T" ln troctolites.

The spincl crystals chosen for projection ln this diagra.n

have Yr" ratioe ae close as possible to 0.5 and YF"3*

ratios of 0.05. The core spincl chemi.cal composition and

tha ollvio" X,te ratj.o arqy fron the spiael-ollvinc lnterface

are ugcd. The prefcrred splnel crystals have d,la.netcrs

between 0.1nm and 1¡nm (ae show¡l in thc dlagran), because

for smaller spincl sÍze than 0.O1nn and larg¿¡ tþan 'lmm,

the olivio" fo* ls lndepend,ent of the coollÀg rate (Ozare

1984). Tbe curvcs represeÂt computed cooling rates assunlng
that thc Ya" of spÍnel cquals 0.5 aad lts Yr"3+ = 0.0; thc

oIÍvinc \ß (lnltial ratio) 1s takeÄ as 0.9. Thcsc valucs

corrêspond or are ia good agrêemcnt rith thc spiacl atrd.

olivlne conpositlons fron troctolitcs. The cooling rates
arc indlcatcd. in dcgrces Cclcius per year (oC/yr).
Most of the d.ata plot bctwcen thc lO-2 a¡¿ 1O-4 oC/yt

currcs. For such small coollng rates, the aninel X"a is
more scnsitlvc tha-n that of olivine. The d.ata fron troctolltes
thcrefore d.cnonstratc tbat these rocks coolcd. very slow1y

to their prcscnt state.
(B). A T" - spinel graln sizc plot for nincral pairs from

thc Macquaric Island. barzburgites. Eost of tbe spinels are

L.¡rclud.ed, 1¿ enstatites and plot bctçccn thc 1O-2 an¿ 1O-1 oC/y,

cooling curvêa. Soallcr spincls encloecd 1¿ ollvines
havc low"" foS and' hcncc the tenpcratures To are lower; thc

coolf.ng ratc lndicated by these spinels ls significa-ntIy lowcr.
(C). 

^4. ÍI"-splncl graln sizc plot for the North Mt. wchrlite a¡d tbc

leva f,l4. Mlncral d.ata from thc wcb¡Iite suggest coollng ratce
of about toi oc/yr, 

a-nd. from thc lava more than 1o4 oc/yr.

Thc olivhc ¡nd. splncl conpositions from tbe lava represent
wcl1 d.cvelopcd, phenocrysts (xc¿ocrysts) only.
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F 8.4

Figure 8.4.
Clinopyroxene and orthopyroxcne compositions fron the

Macquarle Islantl plutonic rocks are plotted ln thc
Mg-rlcb porti.on of the pyroxêÃc quad.rilatcrel. Thc

conposltions of pyroxercs wcre flrst recalculatcd by

the ncthod of l,lndsley and Anderson (1983)r ond then

projccted. ln the quadrilateral. the lsotherms arc
teke¿ from T,ind.sley and Anderson (1983) ae wcll.
Flllcd symbols rcpresênt 'rbulkr pyroxêÃe compositione

obtal,ned, wltb defocused clectroa bcam. OrthopyroxcÃes

ln troctolites, olivine-gabbros a¿d maegivc gabbroe

represent cxsolvcd phases only.
Thc large cnstatltcs fror barzburgltcs lndícetc tcnpcraturce
of goOoc to 11OOoC, a¡d. the Í¿terstltlel clinopyroxcrrê
tempcraturee bctwccn goooc and, 10600c.

Thc cllnopyroxcÃes from thc layered. troctolites and

olivlne-gabbrog polnt to tcmperetrrres of gOOoC to about

11OOoC. nBulkñ cllnopyroxcÃc composltlons ind.icate
tcnperaturee of 11oooc-1zoooc.
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F 8.5

Flgurc 8.5.
A plot of thc cr,/(Cr+al+Fe3+) vcreus l¡a/(Iúe+re2+) ratj.os
of sclccted, spincls from troctolltôs and. Iavag. llhc

splncls fron troctolltcs are large cryetals, tltrzoncd,,

cuhedral to subhedral ¡nd, are not includ,cd. ln olivines.
thc spincls from thc lavas arc cuhcdral pb,caoctysts.

lbe ficlde of tempcrature aad orygen fugacity (f02)
of Fisk and Be¡rcc (1980) arc also ehown. thc logarlthnlc
valuc of tO, is gJ.ven.
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Figure 8.6 Calculated liquid trends after olivine equilibrium

crystallisation from initial liquids 1 and 2, and Mg/(Mg+Fe2*)

ratios and Ni-contents of Macquarie lsland basalts. The

Mg/(Mg+Fe2*) ratios and Ni-contents of initial liquids 1 and 2

(marked as ø) have been calculated as those in-equilibrium with

olivine Forn., P.22%wtNiO). The Mg/(Mg+Fe2*¡ ratio and

Ni-content of liquid t has been calculated at a temperature of

12B0oC and of liquid 2 at 1220oC. The changing liquid

composition during olivine equilibrium crystallisation from

these two liquids is shown by the curves, which are marked for

an increment of 1% olivine crystallisation. Macquarie lsland

basalts are plotted as open circles (tholeiitic-type basalts) and

filled squares (alkalic-type basalts). The best fit curve S-S to

the basalt data points has the following format,

Y =9.257 8-0. 308x+2 .7' 1 0'3x2 .
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F 8.7a

Figure 8.7a. A Mg# versus Ni-content plot of Macquarie

lsland basalts (crosses) and a superimposed calculated liquid

line of descent during fractional crystallisation of olivine

from a possible parental liquid, basalt 236. The increment of

olivine fractionation is 2/", and is marked by small solid

circles on the calculated liquid path. Maximum olivine

fractionation marked on the liquid curve is 10%. Almost all

basalts are produced by 1o/oto 10/"tractionation from basalt

236. Mg#=Mgi(Mg+Fe2*).

Figure 8.7b. A Mg# versus Ni-content plot of Macquarie

lsland dolerites (open circles) and the calculated liquid line

of descent of figure 8.7a, from basalt 236. The increment of

olivine fractionation is again 21o, and is marked by small

solid circles on the calculated liquid curue. The most evolved

dolerite is sample 391 with 0.467 Mg#=Mgi(Mg+Fe2*).
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F g.Tb

Figure 8.7c. A Mg# versus Ni-content plot of Macquarie

lsland basalts (crosses) and a superimposed calculated liquid

line of descent during fractional crystallisation of olivine

from a possible parental liquid, basalt 38'188. The increment

of olivine fractionation is 2/", and is marked by small solid

circles on the calculated liquid path. Maximum olivine

fractionation marked on the liquid curue is 14%. The liquid

path approximates the basalt trend. Most of the basalts can

be derived by 2% lo 14o/" fractionation from basalt 381 88.

Mg#=Mg/(Mg+Fe2*).

Figure 8.7d. A Mg# versus Ni-content plot of Macquarie

lsland dolerites (open circles) and the calculated liquid line

of descent of figure 8.7c, from basalt 38188. The increment

of olivine fractionation is again 2/", and is marked by small

solid circles on the calculated liquid curve. All dolerites can

be related to such a parental liquid by 4-12/" Íractionation,

and the most evolved dolerite by more than 16%.

Mg#=Mg/(Mg+Fe2*).
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Flgure 8.8. ß Mg#¡6tio uersus Ni-content plot of Macquarie lslond
basalts (crosses) and dolerites (open circles). Superimposed is the
calculated liquid line of descent of basalt 58188 during oliuine
fractional crgstallisation. 0N¡ calculated from expression 8.15b for
temperatures ranging from l26soc to I 200oC. ¡Fe-Mg ¡s 0.5. MgJÊ =
Mg/(Mg*Fe2*). The increment of oliuine fractionation is 2%, andls
marked on the calculated liquid curue bg small solid circles. The liquid
path crosses the basalt - dolerite cluster at Mg# o 0.70t0.5. The more
differentiated basalts and dolerites (Vg* ¡ 0.60t0.02) haue higher
Ni-contents than those predicted bg this fractionation model.
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Figure 8.9. Fo versus NiO (wt"/.) plots of representative

Macquarie lsland olivines from the layered rocks (small filled

circles) and harzburgites (large filled circles). Calculated olivine

composition paths during fractionation of basalt 38188 are

superimposed (shown by solid curves). Each square represents the

calculated olivine composition after an interval of T/"

fractionation. The first olivine to crystallise is the

in-equilibrium olivine with this basalt. KFe-Ms is taken constant at

0.3. The olivine path shown in figure 8.9a, was calculated using a

DNi of 9; in figure g.9b, the DNi equals 12. After 8% fractionation

(the maximum plotted value), the calculated olivine NiO content

reduces to 0.1 1%. Calculated trends are not in agreement with the

observed trends of olivines from the layered rocks.
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F 9.1

Figure 9.1.

(a). The normative basalt tetrahedron nepheline-forsterite-
diopside-quartz of Yoder and Tilley (1962). Symbols as follows,
Di=diopside, Ne=nepheline, Q=quartz, Fo=forsterite, En=enstatite,
Ab=albite. The volumes (1), (2) and (3) within the tetrahedron define
the fields occupied by alkali basalts, olivine-basalts and tholeiites.
The plane Di-Fo-Ab is the plane of silica undersaturation and
separates alkali basalts from olivine-tholeiites. The plane Di-Ab-En
is the silica saturation surface and separates olivine-tholeiites
from quartz-tholeiites.

(b). Phase relations in the system Fo-Di-An-SiO2, part of the larger

CaO-MgO-Al2O3-SiO2 guaternary system, at 1 atm (from Presnall et

al., 1978). The MgrSiOo-CaAlrSirOr-CaMgSirO, (Fo-An-Di) plane is

equivalent to the Di-Ab-Fo plane of the normative basalt
tetrahedron and the CaMgSi2O6 - CaAlrSirOr-MgSiO, (Di-An-En)

plane is equivalent to the Di-Ab-En.

(c). Liquidus phase relations in the An-Di-Fo and An-Fo-SiO, joins

of the Fo-Di-An-SiO, system at 1 atm pressure. Dashed phase

boundaries after Osborne and Tait (1952) (from Morse, 1980).
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Flgurc 9.2.

(A).

(¡).

(c).

(o).

(E).

(F).

(c).

î 9.2

Macquarie Island rock data projccted on the
An-Di-Fo join of thc A¿-D1-Fo-SiO, synthctic systcm.

the four prinary fields at latm pressure are fron
figure 9.1c.

Volcanic glass conposi-tions plot in the aaorthite+
Iiquid field (An+L).

Doleritc dykes fron thc dykc swarms, Iaycred. rocks
and messive gabbros. Three dykes plot in thc
forsterita+llquid ficld. (Fo+L).

Projection of lavas with tholeiitic chemist¡Tr. they
plot mostly 1n the An+l field..
Projcction of ¡l-kelLc lavag (ncphelinc nornatlve).
The Lnsct diegran ls a plot of apl¡yric lavas or close
to apþrlc lavas co¿taining lese than 10fi phcaocrysts.

They plot 1¡ thc A¡+1, flcld, but very near thc u¡.ivaria¡t
curvc represeÀting equillbriu¡¡ of coexj.stlng Fo+An+I,.

Projection of the layered rocks. Solid. circles are

troctolltes; open clrcles arc thc uppernoet strongly
lqn{natcd. gabbros, olivlne-frce typcs, of thc laycred sequêÂcc.

Projcctlon of ollvine-gabbros (soIlil. circles). t\vo

a¡rortbogites ara also plottcd. (opcn circles). Tb,c rock
pointcd. by the arrow i¿ thc Fo+L ficld. is a naflc
intn¡slvc laycr ln tbe ollvine-gabbros at Hand.spike

Point (sa^uple 380).
M¿ssivc gabbros. Mainly Uppcr Irovcl gabbros a¡rd. selcctcd
samplcs from other messive gabbro occure¿ccs. The opca

clrclc ls I dolcrliic gabbro f¡om a nl¡or outcrop on

the east coast (sa-nple 726). Al,1 rocks plot in the

A¡+], fi-e1d..
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F 9.4
CoMg52O,

CoAl2SirOt s¡o2

MgrSÌOo

Figure 9.4. Phase relat¡ons in the MgrSiOo-CaAl2S¡2Or-CaMgrS¡O6-S¡O2

quaternary. Phase boundaries after Presnall et al. (1978). Arrows on

cotectics indicate direction of dropping temperature. Points a and b are

the two piercing points on the MgrSiOo-CaAl2S¡2O.-CaMgrSiO. ternary.

Point p is the invariant point of the system. The temperature maximum on

the cotectic a-p is marked by t. Di is the diopside solid solution (it is

referred in the text as Diss ). The plane MgrSiOo-CaAl2S¡2O6-0¡ lies to the

silica- rich side of the MgrSiOo-CaAl2S¡2O.'CaMgrSiO. Plane.
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F 9.5

Figure 9.5

Projection of selected Macquarie lsland data in the normative

clinopyroxene- plagioclase- olivine (CPX-PL-OL) ternary.

(a). The fields of Macquarie lsland basalts are shown by the dashed and

dotted curves; th is the field of the tholeiitic and alk is the field of the

alkalic basalts. s is the olivine-plagioclase cotectic of Shido et al.

(1e71).

(b). The field of Macquarie lsland glasses is shown by the dotted curve.

The trend or cotectic-like boundary defined by the aphyric alkalic

basalts is shown by the a-a curve. Solid circles I and 2 represent the

magnesian and evolved dolerites 220 and 153 respectively. tu is the

inferred plagioclase-olivine cotectic of Bryan (1983) from FAMOUS

glasses, and s the cotectic of Shido et al. (loc.cit.).

(c). The field of Macquarie lsland glasses and the cotectics s and u as

in (b). Point 5 is the magnesian basalt 38284 and point 4 is the

differentiated basalt 1 08C.
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¡ Tholeiitic lavas
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Figure 9.6, Projectlon from the plagJ.oclase into the diopsld.e-
olivine-sllica planc of thc olivine-plagiocrase-d.iopsÍd.e-glrica
(of-pf-pi-si) tetrahcdron of Wa1ker et al. (1979). Thc phase
boundaries and. the positloning of the cotectlcs et d.iffercnt
pressurcs arc thosa of r¡Yalkcr et al. Àrrows l¿d.icate the d.ircction
of fal11ng temperature. The 10kþar cotectic is shown ln this
diagran bctween thc latm and 15kbar cotectics.
Selected. Macquerls Island d.ata are plotted.. Thesc lnclud.e dolerlte
d,ykcs fron thc d.yke swa:ms, tholeiltic ând alkalic lavas, and,

glass es.
conpositlons g, b aad s arc tbc prinitlvc basartic grassce whogc
phase relations werê studied experimentarry by Greea et al. (19?9),
Bender et al. (1978) aad storpcr (19e0) rcspcctlvely. conpositlon
(e)) is a nlxture of thc basaltlc glase 3-18-?-1 ptus 1?% otivinc
utllized, by Green et al. (1979).
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Figure 9.10

(A). Normalised patterns (to Cl chondrites) of transition element

abundances from the Macquarie lsland harzburgites and basalts. The

majority of analysed basalts define field B; H is the field of all

analysed harzburgites apart from sample 163. The pattern of sample

163 is shown by heavy line and is marked as HT.

(B). The calculated TM abundances in melts and residues during

batch melting of a source lherzolite consisting of 707" olivine,

12/o opx,16% cpx and 2/" spinel are normalised to chondrites and

plotted. Patterns 1-1 and 2-2 show the calculated liquid and

residue patterns respectively for 20/. partial melting. Pattern 3-3

is displayed by the source lherzolite. The very good agreement

between the observed and calculated patterns in basalts and

harzburgites suggests that the observed TM abundances in the

Macquarie lsland volcanics and residual peridotites could have been

produced by moderate (1 5%-20%) degrees of melting of a lherzolite

source.
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Figure 9.11.

A.

Calculated liquid Zr content (in ppm) as a function of the percentage of
partial melting (% melt). The trends have been calculated for increments
ol2/" to 30% of batch melting for two different source mineralogies and
two different mantle source Zr concentrations; a primordial mantle source
with an initial Zr concentration of 11 ppm (Tarney et al., 1980) and an

upper mantle source having a Zr content of 27 ppm (Anderson, 1 983).
Mineral composition of source mineralogies:
mineralogy 1:70o/"olivine+25/oorthopyroxene+4o/oclinopyroxene+17ospinel,
mineralogy 2:70o/"olivine+12o/"orthopyroxene+16%clinopyroxene+2%spinel
Curues 1 ,2,3 and 4 have been calculated as follows:
1 : mineralogy 1 and 27 ppm Zr in the mantle source,
2: mineralogy 2 and 27 ppm Zr in the mantle source,
3: mineralogy 1 and 11 ppm Zr in the mantle source and
4: mineralogy 2 and 11 ppm Zr in the mantle source.

B.

Calculated liquid Nb content (in ppm) as a function of the percentage of
partial melting (% melt). The trends have been calculated for increments
of 2/. to 30% of batch meltíng from the two source mineralogies as before
(figure 9.114). Primordial mantle Nb content is 0.62 (Tarney et al., loc.

cit.) and upper mantle Nb content is 6.03 ppm (Anderson, loc. cit.).

Curves 1,2,3 and 4 have been calculated as follows,
1: mineralogy 1 and 6.03 ppm N.b in the mantle source,
2: mineralogy 2 and 6.03 ppm Nb in the mantle source,
3: mineralogy 1 and 0.62 ppm Nb in the mantle source and

4: mineralogy 2 and 0.62 ppm Nb in the mantle source.
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Fioure 9.12.

A. A Zr versus Nb plot of Macquarie lsland tholeiitic basalts shown by
open circles. Batch partial melting curves a and b have been estimated
from the source mantle mineralogy 1 and for 2.03 and 0.62ppm Nb in the
source respectively. The source Zr content was 11ppm. The minimum and
maximum percent of melting is 2/" and 30% respectively; the marks on

both curves (a and b) indicate an interval of 2/" melting.

B. A plot similar to A, but for the source mineralogy 2.Batch partial

melting curves c and d represent 2.03 and 0.62ppm Nb in the source
respectively.

C. A plot similar to A, but for a high Zr source (27ppm) and for the source
mineralogy 2. Batch partial melting curves e and f represent 2.03 and

0.62ppm Nb in the source respectively.
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Figure 9.13.

A. A Zr versus Nb plot for the Macquarie lsland alkalic basalts (filled
circles). Batch melting curves a and b were calculated assuming a source
mineralogy 1 , low Zr content in the source (1 l ppm), and source Nb
contents of 2.03 and 0.62 ppm respectively. The melting curves are drawn
for a minimum percent of melting of 2% and a maximum percent of 30/".
The increment of melting is marked on each curve for an interval of 2'/"
melting.

B. A plot similar to A, but for different source mineralogy (2).Batch
melting curves b and d were calculated assuming low Zr content in the
source (1 l ppm), and source Nb contents of 2.03 and 0.62 ppm respectively.

C. A plot similar to A, but for different source mineralogy (2).Batch
melting curves e and f were calculated assuming a high Zr content in the
source (27ppm). The source Nb contents for the melting curves e and f was

2.03 and 0.62 ppm respectively.

^
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Figurc g.14. 7,r/y versus zr/na and, Y/Nb vcreus zr/xa plots of lavas.

Open clrcles are lavas rtth tholclitic effÍnftics a¿d fillcè clrcles
rêprcaent the alkallc type lavas. lbe nixing lines were calculatcd'

from samples 3828O and.210 using thc equation of Langmuir et aI. (1978).

The Zr,/Nb of lava )eze} Ls 2.2, whj.le that of lava 210 is 12.7.

Thc d.erivcè nlxing equatioÂs a¡.e also showa oo"tch d'iagra.m. the best

f1t line to the date ln the y/Nb vs zr/Nb dÍagra.u is y=9.48x-0.637,

very sinilar to thc calcul-ated nixiug linc.
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Fioure 9.16.

-

A. The convective geotherms of llcKenzie ond Eickle ( l gBB).

Depth in km, temperature T in oC.

B. The diopside-olivine-quortz projection of Wolker et ol.
(1979) for llocquorie lslond bosolts, dolerites ond glosses.

C. A Di-01-Q projection (similor to B) for the colculoted melt
compositions of llcKenzie ond Eickle ( lgEB).

D. The lithosphere structure model beneoth o spreading ridge
of Ahern ond Turcotte (1 9791. Solid curye is the solidus; thin
lines with morked percentoges indicate the degrees of portial
melting as a function of depth.

E. Temperoture tlistribution beneoth a ridge oxis occording t0
llcKenzie and Eickle (lgEB), calculoted for a potentiol mantle
temperoture of lzEÚC.
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Oceonic Cn¡st llacquarie lsland Somoil
Ophiolite
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Flgure 10.1. I,ltb.ostratigraphy of oceaaic crust, Mecquarie Island
and the two better cxposed. ophiolite complexee, Sarnai.I ophlolite
and Troodos complex. the stratigraplr,y of oceanic crust is bascd

on seismlc refractlon date. the layers of oceanic c:rrst are defined
by thcir different seismic velocitics (Vp) - kn/scc - shown

çlthin each layer. The seismic vclocities e¡d. the nagnetization
of thc layers es well as sarnpling by dredge hauls suggest
that layere 1 ls mado of sed.inents, Iaycr 2 coasists of pillow
lavasr âñd layer 3 is chiefly gabbroic rocks. The tr[ohorovlcic
discontlauity marks thc bouadary betwecn layer 3 and layer 4.
ï,ayer 4 1s believed to conslst of residual maatle peridotite.
The cross sectÍon of Se-nail oplr:lql.lte i.s fron Hopsoa et aI. (l9et);
that of Troodos complex is from Gass and Snewíng (197)).

The stratlgraphy of Macquarie Island is based, on several. traverses
1n the northern part of the islaad. By comparison, the Macquari-e

Islaad plutonÍ.c section is thin¡rcr thaa that ln Samail ophiolite.
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F 10.3

Figurc 10.3e.
A plot of 4110, (fn yvþ) against the Mgl(ÈIg+Fe) ratio of

enstatites from the Macquari.e Island. harzburgites, tb.e

a1plne-type aad. abyssal typc perldotites. The Macquaric
Island fleld is shown by thc shadcd Breêo The elplnc
aad, ebyssal flclds arc from Dick a¿d Fisher ('t984).

Flgure 10.3b.
A plot of thc AIZ03 coatgnts (v&) of cocxisting cnstatite
and. splnel from Macquarie Isla¡d barzburgÍtes a¿d abyssal
and. alpinc-type pcrJ.dotitcs. Tbe shaded area ls the Mecqueric
Island. field. A good, poeltive correlatio¿ is d.emo¿strated,

by the data. Tbc alpinc-type e¡statlte and Epirxel extend to
more refractory compositions tba¡ thelr abyssal counterparts.
The MacquarÍc Is1and. flcld. ovcrlaps both, abyssal aad alplnc-
type, flcld.s. Data for tbe abyssal aad alpine ficld.s are
taken fron Dlck a¡d Fishcr (1984).
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FcO¡

Mgo

Figure 10.4. A=Na2o+K2o. sotid line'is the Skaergaard rock trend
and dashed line is the field of gabbros from l,tid-Atlantic. The

two solid circles are two ilmenite-gabbros from the Equatorial

ttid-At1antic. DaÈa sources: Prinz et al. (1976) ' Serri (1980).

The field ef Basstvc gebbros fron llacquarie Island is
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T ¡o2
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FeO/FeO*MgO

Flgurc 10.5. A, FeO/ (reO+ugO) versus TiO, discriminating plot
for gabbroic rocks from oph-iotite complcxes (accord.lng to
Scrrl¡ 1981) and Macquarie Island. ÂI1 o:d-des in wtÉ. FeO is tbc
totel lron contcnt. Macquerlc Isla¡,d. Iayered, rocks nnd. massive
gabbros are shorn by snall flIlcd. circles and opea circlcs
respectively.
Upper right inget: the field.s of bJ.gh tÍtaniun (H-Ti) and low

tita¡iun (l-Ti) ophiolites are scparatcd. by thc thick curvè.
Field À, d.efincd by the two flncr curves, reprêsents the
conpositional span of gabbrolc rocks from thc Atlantic and Indian
ocenns. Open circlcs arc thc most evolved. Macquarie Islaad. mcssive
gabbros. llhe hatched area Is the ficld, of tbc layered, gabbros

and troctolites from Macquarie Island..
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Figure 10.6. Spinel conposltlons from ophiolitic volcanic
rocks arc plottcd ln a cil(cr+Ar) - ue/(Mg+l'cz+) d'ia3ran.

The Macquerlc Igland flcld ls ghown by the thick curvc

The conpositional flcld.e of spinels from thc Mid,-Àtla¡'tic
Rld.ge a¿ô East Paciflc Rise are shoça by thc tisshcd and

d.ottcd curves respectively. Data fron Sigurdssoa and

Sclrilli¿g (19?6), and, Dick atrd Bullc¿ (1984). the conpositloas

of spinel phenocrysts from thc Troodos lavas are al.so

plotted. in this d.iagrarn; sourccs, Greenbaun (1972) and

Cemeron (1985).
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f 5.1

Olivine Serpentine lddingsite

39.63 40.49 40.81

Ta lc

si02
A1203
PeO
MnO
Þ1gO

NiO
CaO
Na2O
SUM

12.27
0.16

47 .25
0.30

99.62

2.64

40 .42
0.25
0.07
0.35

84.2r

62.7L
1.18
2.98

96.79

37.83
29.52
0.25

11.66
2.82

82.09

62.54
1 .13
2.62r8.45

0.20
22.54

0 .46
0.25

82.83

40.98
0.13

21.18
0 .19

20.35
0.32
0.65
0.24

84.04

30.1r 30.60

0.27
97 .14

Table 5.2

Zeolite veins in sample 319

4 rv/I 4 rv/2 4 rv/3 4,v/ 4 2 rv/I 2 rv/2
s i02
A1203
Mgo
CaO
Na2O
SUM

37 .37
28 .44

0.11
11.39
4.81

82.t2

37.69
28.99
0.1s

12.00
4 .44

83.26

38.73
28.19
0.00

11.09
4.88

82.89

39 .36
28.58
0.28

r0.72
3.45

82.38

40.17
29.27
0.26

10.93
3.03

83.65

Table 5.3

Epidote Clinozoisite C I inozo is ite

SampIe:

s i02
Tio2
A1203
Cr2O3
FeO
MnO
Mgo
CaO
SUl,l

726

37.81

24.02
0.15

11.03

726

38.29

27 .79

7.03

0.25
24.09
97.43

205

37.09

27 .r0

6.76
0.1s
0.10

23.06
94.28

205

37 .24

26 .49
0.L2
7.51

0.13
23.95
97.09

0.24
22.95
94.54
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Lízardite after Olivine

T 5.2

FeO
Mgo
NiO

s io2
A1203

Na2O
R20
TOTAL

si
A1
Fe
Mg
Ni
Na
K

s io2
A1203
Cr2O3
FeO
Mgo
MnO
Na2O
c1
TOTAL

si
A1
Cr
Fe
Mg
Mn
Na
c1

41.6I
0.27
2.25

40.52

4I.75
0.38
r.93

41.16
0.26
1.00
0.06

86.54

2.2559
0.0273
0.0977
3.7rI2
0.0129
0.1I76
0.0045

41.66
0.32
r.81

41.13
0.20
0.57

85.69

2.5432
0.0228
0.0922
3 .7 43I
0.0100
0.0680

42.02
0.16
1.60

4L.26
0.16
0.46
0.07

85.72

2.5592
0.0I13
0.0815
3 .7 454
0.0077
0.0541
0.0057

41.51
0.I7
1.48

4I.59
0.25
0.71
0.18

85.90

2.5320
0.0121
0.0757
3.7810
0.0124
0.0834
0 . 0141

36.29
2.63
1.06
3.92

37.58
0.16
0.29
0.60

82.54

2.3606
0.2020
0.0545
0.2131
3.6440
0.0089
0.0367
0.0656

Number of ions recalculated on 9 oxygens

0.52

8s.17

2.5566
0.0196
0.1154
3 . 7110

0.0616

TabIe c.þ

Bastites after Orthopyroxene

82.L4

36.85
2.39
0.96
3.68

37.08
0 .11
0.57
0. s1

2.4024
0. t83s
0.0495
0.2005
3.6034
0.0060
0.07r8
0.0s68

36.23
2.40
0 .96
3.92

37 .43

o .47
0.62

8r.92

2.3753
0.1851
0.0498
o .209 4
3.6578

0.0593
0.0693

38.26
2.60
r.00
3.67

36.92
0.13
0.19

2 .447 6
0.r957
0.0504
0.1961_
3.5205
0.0070
0.0242

36.76
2.63
1.03
3.7 4

37 .29
0.I5
0.17
0.54

82.39

2.3890
0 .2018
0.0529
0.2035
3.6L26
0.0081
0.0216
0.0s99

82.76

Cations on 9 oxygens
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DOLERITE DYKES

v:L\P ?:lY IIIþ tLl?= 31lr!:r: y/-Y

)o)
)25
)72D

379c

21)D

221D

rrrr(o)
115D

127

233 (¡)
124

139

38133

)81)7
3822)

)8273

38)20

3e425

)8449

38)34

6.9
qo

6. '1

5.7
10.0

3.1

11.9

9.4
9.45

2.7
12.7

11.4

2.)5
1.8
1.9

1.7

4.4
o.56

4.8
3.5
2.9

o.67

4.6

5.3
1.7
2.44

o.35
0.94

,.75
1.j
2.1

4,0

85. 1

80. o

81 .5

79,6
101 .5

58.)

1 02.0

93.5

92.6

7r.2

85.5

91 .1

'1o.9

73.5

91.1

77.3
97.)

5.9
4.7

5.O

4.55
11.2

1.8

12,1

9.8
7.8

2.O

4.6
5.8
1.6

2.4
1 5.0
+.4
6.0

4.0
2.8
2.2

).1
2.6
6.6
4.6
2.9

3.8
).3-
3.85

(*) 2.9

3.2
3.1

3.3
2.5

2.4
2.7
2.9

250

258

2r7

264

252

)22

250

251

269

298

267

240

49e

337

261

295

288

5.5

tr

6.
4

4

3

9

5

7

,
4

2.

3,
16.

tr

6.
15.

(*) : Dolerite dykes i¡. the layered. roclcs and. nassive gabbros

(O) : Dolerite dykes Í.:n. harzbr:rgj-te

(¡) : Dolerites from the ciyke srra:ms



af'fJte t.¿

Tgpical M0BBs

N-tgpe M0RBs I l0 l8-55 2.5

MRB 45ON 6.4

Ti/Zr ZrlNb Zr/Y Y/Nb Reference

57 5.8 9.7 Erlank t7 Kable (l976)

Sun et al (1979)

T 7.2

MRB 4605-5205
Depleted
Enriched

flRR (5405-590S)
N-tgpe (auerage)

(range)
T-tgpe
P-tgpe

27 3.4 9. t

l7-78 2.2-4.2 4.6-23
9-t5 5-5 2-4
6.5 7.1 0.9

Erlank fÌ Kable (1976)

Humphris et al (1985)
#

leRoe¡r et al (1985)
+Ë

#
¡É

32
t5

2.7
5.t

I t.5
5.t

FHM0US area
oliuine-basalts
plag-pgx basalts
picritic basalts

stu tR (530s-550s)
N-tgpe
T-tgpe
P-tgpe

t06
t06
tt3

8.4
6
t 0.5

2.6
2.6
t.8

5.5
2.3
5.67

leBoe¡r et at ( I 981 )

iÉ

¡É

t7-64 2-3.6
8-12 3.6-6.2
6-7 6-8

>8 leRoex et al (1985)
I .5-5 #
0.9-1.2 #

Oceanic islands

Tristan da Cunha

Bouuet lsland

Chondrites lt0 l6

Macquarie Island (means from table 7.1)
Basalts 89.5 5 3.2 2.25
Dolerites 84 7.8 3.4 2.66

6.6 Erlank t7 Kable (1976)

0.29 7.2 O.4 Humphris t Thompson (1985)

6.4 6.8 0.9 leBoen t Erlank (1982)

Sun et al (l 979)

MßB : Mid-fltlantic Bidge
flfl8 : flmerican Hntarctic Bidge 540S
SIUIR : Southuest lndian Ridqe



r 7.3

TASLE !ú_

Lcast S s Calculations

Cumulate þ
Parent Pegellgr '4--ri-qgig Olivine PI99:--9PI

381 88

381 88

381 88

38288

382e4

47979

47979

213D

21)D

213o

38288

)8288
381 88

381 88

38288

47979

381 88

38434

38303

38307

3e307

384)4

)8390

)8389
153D

379D

391 D

199

438

199

214

1t7

3A32'

)8325

72,5
79.3

65.5

65.5

81

69.6

9+

97.)
g1 .3
62

67 .1

68. 6

68.8

70.'l

58.5

76.9

77.9

26.3

54.8

33.)
21 .5
1 5.8
19.1

21.6

100

19. 6

12.7

26.3

26.'l

39.8
41 .1

19.6

20.)
47.6

48.7

17

48.4
6r,4
61.6

52.2

J0. I

45

46

68. I
67.9

51.5

58. 1

69.4

55.)
50.3

25

28.2

19.3

13 .1

22.6

29.6

47.6

3r,4
41.)
4.9

5.4
9.7
0.8
12

24.4

2.1

q ed Residuals

0.1 19

o.6g

o.356
0.13

0. 10

0. 18

0. 58

o.2)
0.1 66

0.64
o.75)
o.1)
0.71

o.267
o.296
0.986

0.045

Least squareE nixing calculations for Macquarie Island
basalts and. d.olerites (D). The mi¿eral conpositio¿s used

in the calculations are actual compositions from the

cumulate troctolites - olivine-gabbros. Calculations
canied out using the computer progra- of Morris (1994).



T 8.1

Table a.la

Estimated temperatures in degrees centigrade for troctolites

sample Jackson Fu j i i Fabries Roeder !1g# sp Ètg# orivine
3r3
313
313

315
315
315

32r
32r

324A
324A
324A
324A
324A
324A
324A

179
L79
179
179
I79
L79
t79

110

L28

T42L
1368
1r98

977
970
949

1073
10r5

1549
r428
144 I
t407
r338
r234

9s0

10 06
937
818

615
610
594

759
711

TI79
10 41
1033

989
933
844
636

930
898
838

966
9r5
818

763
722

112 5
t027
1010

954
9II
830
666

72r
7L7
707

80s
777

997
939
938
922
896
853
732

645
640
626

43.4
43 .4
43 .4

89.4
89.4
89.2

58.3
57 .4
51.5

89.2
89.4
89.7

88.6
89.1

45.7
44.5

89.6
*
#
#
#
#
*

68
66
64
59
58
52
44

.3

.3

.8

.7

.I

.8

.4

Table a.lb

Estimated temperatures (degrees C) for harzburgites

Sample Jackson Fu j ii Fabries Roeder lilg# Spine1

1300
129 0
r27 8
1250
1052
r030

956

13 54

1255

1348

852
830
823
815
678
660
602

904

801

893

889
866
855
835
735
720
669

913

838

67 .0

65.8

70.2

849
840
836
832
754
743
707

878

824

870

68.5
67 .3
66.3
64.9
s9.0
58.4
55.0

182

Mg*: atonic 10O. Me/(1,1g+Fc
2+

)

925



lablc 8.2

5580(Yc.')'p+1 01 8(YAr)sP-1 720(Yp63+ )sP+2400
0. 90 (Ycr)sP+2. 56 (Yo¡) sn-3. 08 (YFe3+)sp- 1 .47 +1.987 I n K o

T 8.2

T(oK) = (8.3)

(8.5)

(8.6)

(8.7)

T/or¿\ _ 775+2010(Y",)sn
I \-¡\i' - I nKo*-4(Yr"3+)sp-o.006-0.003(Y6r)sn

4250(Y6'')sP+ 1 343
T(OK) - I n Ko*+1 .825(Ycr)sP+g.571

3840 (Ycr)'p+ 1 0 1 I (YAt)sp- 1 7 20(Yp"3+)sP +240 0
T(OK) = 2.33 1Y.,)sP+2.56(YAt)sp-3. 08 (Yps3+)'p- 1 .47+ 1 .9871 ft K o 

*

T(oK) = {3621 +{(1 -[Fe]or)2-(1 -[M9]or)21.@57+1 .83p)+
(^G r IFe3*]rp-^G 2[Al]sp).{ (tMoJsp+ [Fe2+Jsp)/R]+ 1 636{( [Fe2*].p)2-

([Mg],p)2"þ 685+'.ffi) '' (8.8)

T(oK) = {2585.5+{(1 -[Fe]o¡¡z-(1 -[M9]ol)2].(a57+1 .83p)+

(AG2[C 4spÂG3[Fe3*Jrp).{ ([M g]sp+ [Fe2+]ro)/R)+ 1 63 6{ ( [Fe2*].p)2-

([Mg]rp)2,, þ t4s+'.ffi) t (8.e)



T 8.1Table 8.3

Mg/(Mg+¡¡g¡ Mg/(Mg+¡s2*¡ N¡ (ppm) Cr (ppm)

Sample
no./

LRU RS

58 I 88@
5829 I @
236*
234*
56R*
58506@
58284@

OYKES

233*
220'i.
58257@
58520@
58554@

0.7 t
0.70
0.70
0.69
0.69
0.67
0.67

0.695
0.68
0.68
0.65
0.65

o.7 42
0.755
0.732
o.725
o.722
0.706
0.704

0.729
0.7t6
0.7t I

o.692
0.69 r

0,70
0.688

t99
t45
t64
t58

8?
231
t78

5t4
343
665
652
5t I
552
189

550
523
299
346
392

r07
207

89
r55
108

BRSRLTIC GLRSS

47979* 0.667
155* 0.655

@: sample numbers from the Macquar¡e lsland rock collection of the
Geologg Department, Uniuersitg of Tasmania

*' Griffin's (1982) field sEmple numbers



TASLE 9.1

Cmpositions of }lacquarie Islantl harzburgites and basalts r¡sed in the following calculations

Earzburgites

Sanp1e: 1O7 163

si02 44 .81 45.79

LI203 1.OO 1.57

FeO* B.B7 10.57

I,{nO O.l 1 0.1 9

lrg0 44.71 43.01

CaO O.11 O.17

Na20 O.O2 O.O4

Ti02 0.oo o.00

2087

72

2061

619

]8188

48.42

16.40

B.2g

0.15

11.17

10.71

2.Bg

1 .29

214

50.27

17.32

7.65

o.13

9.45

10.46

2.79

1.to

9 -92

0,15

49.57

Nio 0.50

Basalts

78284 47979

48.95 +9.24

17.O7 17.2O

8.41 9.24

o.1+

9.19 9.27

10.28 12.m
2.7t 2.Ð
1 .71 1 .06

ol(aaaea olivine)
39.65

Ni

Ti
199

773'

178

1O25O

158

6594

Nornative
mi¡rerals:

Ni anit tÍ contents in p¡rno

FeO* : total iron.

Ne:
o.4y'o 0t:

1y.
Hy:
4.5ø

1Ufr

1%

12/,

a.5%

H
\o
a



T 9.1a

ÎASLE 9 .1 (c ont . )

Recalculated. basalt cøpositions after olivi¡e 0l ad.d.ition

Sa^nple: 38188 78284 38284 47979 47979 234 234

Perceat atid.ed.

olivine Ol: 2/. 4. 5% 2% fl" 2/" YÁ

si02
al,z03
Fe0*
I4r10

Mso
Ca0
Na20
Ti02
Ni

(ui in p¡n)

49 .o5 48.79
16.86 16 .38
8.27 8.t2

48.55
16.18
g.t7
0.15

12.OO
10.56
2.85
1.27
246

49.59
16.95
8.55
o.14

1 0.r0
1 0.20
2.71
1.70
225

49.11
1 6.46
8.58
o.14

11.44

2.67
1 .65
296

10.06
12.25
2.45
1.04

11 .91
11 .91
2.tB
1.01

50.13
16.67
7.82
o.17

11 .45
10.04
2.68
1 .06
276

9.91

50.44
17.12
7.76
o.17

10.72
10.74
2.76
1.09
205





TABLE 9.2

Perictotite cmpositi øs

si02

AJzO'

Fe0*

I'h0

I,TgO

Ca0

Na20

t'i02

t{i0

(r )
45.20

1.54
g.r2

0.14

37.fu
t.æ
o"57

o.7l
o.20

(z)

ß.o2
4.88

9.90
0.14

t2.t5
2.97

0.66

o.22

ß)
45.46

7.66

7.60

o.12

42.42

2.00

0.02
o.07

o.27

(+)

44.15

1.96

8.28

o.12

42.25

2.08

0.18

0.07

(¡)
+7.9o

5.91

8.81

o.1,
28.80

5.1+
0.96

1.18

o.13

(6)

47.fu

5.35

7.52

0.18

52.8O

4.97
o.5o

o.15

o.4t

(z)

45.10

9.97

7.25
o.15

27.æ

7.28
o.67
o.24

0.J0

(e)

44.æ
6.59

8.05

0.16

77.28

5.46

o.53

o.21

o.28

(g)

43.70

2.75

10.19

o.14

77.22

7.26
o.15

o.25

( to¡
44.95

1.22

7.67

0.14

40.o3

2.gg

0.18

o.0B

o.26

(r"o* : totar irø)

Pyrolite, Ring:,rood (lglS)
Spiael-lherzolite tr:66, Iakahashi & Kr¡shiro (tge¡)
Spi-aet-lherzolite T/PAII-1 , Sen (tSee)

Âverage spi-neI-lherzolite of Maaloe & Aoki (lgll)

(¡)t þrolite mi¡u.s 4Oy'.oli',nne, Jaques & Green (lgeO)

(g) t $-naquilIo therzolite ninr:.s 4O%olrirtnne, Jaques &

Green (lgao)
(Z) A (e), Perid.otite-basalt mixtures SI,f2 and. SM4 of

I\¡jii & Scarfe (lgef )

(r):
(z),

ß),
(+) 

'

tsf

\o
î\)

(g) 
'(to):

Ga¡net-lherzolite PEN i 61 1 , Mysen & Kushiro (lgn)
lilaquillo therzolite, Jaques & Grem (ISAO)



T 9.7

Table 9.3

Selected compositions of experimentally produced basaltic melts
equilibrated with peridotites at around 10 kbar pressure

s210 s275 SM2/1 SM2/3 SM4/6 TK31

S¡02
At203
FeO*
MnO
rVgO

cÐ
Na2O

K20
T¡O2
C1203

Sample
number:

s21 0
s275
S M211
S M2l3

S M4/6

TK31

50.61
17.73

7 .14

8.52
13.26
0.48
0.1 0

51 .65
1 5.06
7.50

1 2.03
13.29

0.44
0.05
0.34

48.80
17.50

7 .77
0.26
9.82

1 0.80
3.1 1

0.1 6
0.8I

48.90
1 6.40

6.79
0.1 6

12.00
12.40

1.93
0.08
0.56

48.90
17 .40
7.25
0.23

1 0.30
11 .20
2.82
0.1 6
0.86

51 .74
1 5.23

9.41
0.19
9.81

1 0.38
2.34
0.08
1 .07
0.08

0.36

Mg/(Mg+IFe) 0.68 0.74 0.69 0.76 0.72 0.65

FeO' : total iron content

1210 o C, 9 kbar (Sen, 1982)
12750 C, 9 kbar (Sen, 1982)
1250 oC, 10 kbar (Fujii and Scarfe, 1985)
1290 oC, 10 kbar (Fujii and Scarfe, 1985)
SM2: mixture of 15% basalt and 85% peridotite PPM-1
1250oC, 10 kbar (Fujii and Scarfe, 1985)
SM4:_mixture of 15% basalt and 85% peridotite PPM-2
1250 

oC, I kbar (Takahashi and Kushiro, 1983)
Sandwich of basalt L45 and peridotite HK66

sio2
T¡O2

At203
FeO'
MnO
Mgo
ao

Na20
N¡O

Cr2O3

PPM.l
44.20
0.13
8.94
7.11
0.14

30.90
6.41
0.37
0.26
1 .36

PPM.2
43.70
0.09
5.01
8.05
0.15

37.30
4.27
0.25
0.33
0.75



I 9.4a

Table 9.4a

Averaged mineral analyses from Macquarie lsland harzburgites

Olivine Orthopyroxene Clinopyroxene Spinel

40.20S¡02
Ar203
FeO*
MrO
IVæ
æ
Ti02
Nio
Cr2O3

8.80
0.1 1

50.25

55.31
2.50
5.64
0.13

33.80
0.8 5

0.11
0.50

54.0 0
2.25
2.33
0.1 0
17.00
23.45
0.03

0.90

31 .56
1 5.90
0.20

1 5.00

0 .03
0.'l 4

36.30

Calculated harzburgite composition from the mineral compositions according to the listed
mode and average whole rock composition from t harzburgite samples

"Estimated" Average
Harzburgite Harzburgite

0.40

S¡02
At203
FeO'
MrO
IVæ
æ
T¡ (ppm)
Ni (ppm)
Cr (ppm)

FeO*: Total iron as FeO

44.36
0.9 2
7.80
0.12
44.63
1.02
<10

2430
2590

44.62
1 .14
9.0 9
0.1 3
44.04
0.27
116

21 07
2548

Modal mineral
percentages

OL: 70%
OPX: 26%
CPX: 3.4%
SPIN: 0.6%



T 9.4b

Table 9.4b

Calculated source composition from the calculated harzburgite composition
(table 9.4a) and basalts 38188, 38284 and 234 (table 9.1).
The percentage of added olivine (OL, table 9.1) to each basalt
is shown in parentheses. The source composition was estimated for
85 parts harzburgite and 15 parts basalt.

0.1 1

42.53
2.66
0.45
0.29
0.38

Basalt :

sio2
Tioz
At203
FeO'
MrO
I/gO
cÐ
N¡a2O

Nio
Cr2O3

381 88
(+2% OL)

42.24
0.24
3.60
7.43
0.1 1

42.50
2.7 4
0.48
0.29
0.37

38284
(+5% OL)

42.26
0.3 0
3.64
7.43
0.11

42.52
2.63
0.44
0.29
0.3 7

234
(+5% OL)

42.27
0.20
3.68
7.43

FeO' : total iron
('*) The Ti value used in the is the average
harzburgite content of 116ppm from table 9.4a



Table 9.5

Crystal fractionation modelling for Zr and Nb (Rayleigh fractionation)

lnitial composition is the most primitive Macquarie lsland basalts

Calculated values oÍ Zr and Nb in residual liquid

f= fraction of initial liquid remaining

Estimated Zr content in ppm Estimated Nb content in ppm
ln itial
composition:

38288
2r=96 ppm
Nb=37 ppm

38284
Zr=121 ppm
Nb=41 ppm

234
2r=69 ppm
Nb=1 6ppm

381 88
zr=84 ppm
Nb=30 ppm

f =0.6 t=0.7 f =0.8
157 135 119

f =0.6
112

f =0.6
136

f =0.8
85

f =0.8
104

f=0.9
76

f =0.9
93

f=0.8
149

f=0.9
106

f =0.85
141

f =0.6
61

t=0.7
5B

f =0.6
26

f =0.6
82

f =0.9
41

f=0.98
42

f :0.9
18

f =0.9
33

t=0.7
169

f =0.7
97

t:0.7
118

f =0.8
51

t=0.7
23

I:0.7
43

f =0.9
45

f =0.8
20

f=0.8
37

t=0.7 f =0.8
53 46

Crystal Extract

Gabbro
6 4o/" pl ag + 22"/" o I + 1 4 "/" cp x

Gabbro
62"/"pl ag + 1 5"/" ol + 22"/" cp x

Gabbro
62/"pl ag + 1 5"/" oI + 22% c P x

Gabbro
6 2/"pl ag + 1 5 o/" ol + 22"/" cPx

Ê
\o
\Jì



Table 9.6

Geochemical characteristics of primitive Macquarie lsland basalts and dolerites

234 3831 4 38265 38288 38306 38334. 381 88 38297 220*Sample No.:

Zr (ppm)
Nb (ppm)
Ni (ppm)
Ms/(Mg+IFe)
ZrlNb

Normative Hy
Normative Ne

8_5 1.5

69
16

158
0.69

4.3

96
46

108
0.68

2.1

149
60

124
0.65

2.5

96
37

131
0.69

2.6

106
33

231
0.67

3.2

77
5

108
0.6 55

15.4

11

B4
30

199
0.71

2.8

82
21

138
0.69

3.9

46
I

207
0.71 6

5.8

0.4
0.9 0.3 1.5 0.42 5.4

* Dolerite

Ë

\o
o\



I 9.7

Table 9.7

Comparative major elemenl concentrations of the primitive
Macquarie lsland basalts and the 10 kbar melts of Fujii and Scarfe (1985)

MI

234
MI

38334
F&S

Þ

F&S
1

MI

38288
MI

38291Sample

S¡O2
At203
FeO'
À/tO
l\rþo
æ
Na2O

1ioz

50.23
17.32
7.6s
0.13
9.4 s

1 0.46
2.79
1.10

48.80
1 7.50
7.77
0.26
9.82

10.80
3.1 1

0.88

49.8 6
16.42
8.9I
0.17
Ls2

10.32
2.21
1.12

48.90
17 .40

7.2s
0.23

10.30
11.20

2.82
0.8 6

48.86
18.2s
7.20
0.13
9.00

11.05
2,7I
1 .39

49.26
17.25

7 .14
0.16
9.38

10.08
2.30
1 .64

Ml: Macquarie lsland
F&S: Fujii and Scarfe (1985)
Samples 'l and 6 are compositions 1 and 6 respectively from table 6 of Fujii and Scarfe (1985)

Table 9.8

Comparative major element composition of natural peridotites and calculated
Macquarie lsland source peridolite

2 3

sio2
4r203
FeO'
ltæ
æ
Na2O
Tio2
Cr2O3
NO

44.64
2.26
8.27

42.36
1 .85
0.05
0.03

44.40
2.38
8.31

42.06
1 .34
0.27
0.1 3
0.44
0.31

43.7I
2.60
7.98

41.25
2.41
0 .17
0.08
0.43
0.26

44.65
3.85
8.63

38.0 0
3.1 8
0.34
0.1 5

44.5-4
3.3-

8.7 -1
38.1-3

1.6-

5

5.6
3,8
0.3
9.9
2.0
.47

41

0.49

0.37-0
0.16-0

0

0

23
37
23

1: Less refractory abyssal peridotite, Michael and Bonatti (1985)
2' Average oceanic spinel-lherzolite, Maaloe and Aoki (1977')
3: Mean composition of Tinaquillo lherzolite, Seyler and Mattson (1989)
4'. Mean composition of Zabargad spinel-lherzol¡te, Bonatti et al. (1986)
5: Range of estimated source peridotite compos¡tion from the combined Macquarie lsland

basall-harzburgite mixes



T 9.9a
Table 9.9a

DATA 38284=38434+O l+Plag +Cpx

S¡O2
T¡O2
At203
Ð
MnO
t\,æ
æ
NæO
K20

OBSERVED
38284
48.95
1 .71
17.07
8.40
0.14
9.39
10.28
2.73

48.90
1.62

17 .10
8.6 0
0 .17
9.3 6

1 0.37
2.54

ESTIMATED RESIDUALS

Liquid
Olivine
Plagioclase
Clinopyroxene

Component
38434
Fo85
An85

mg# 86

0.0503
0.0929
-0.0326
-0 .207 8
-0 .027 3
0.0223
-0.0917
0 .1877

Squared Residuals

0.1 003

Proportion
80.94"/"
3.04%
11 .68%
4.34%

49.04
1 .05
17.02
6.9 5
0.1 4
9.34
10.14
2.67
0.68

Proportion
64.83%
8.60%
22.13%
4.44%

DATA: 38284= 1 47+Ol+Plag+Cpx

S¡02
Tioz
4t203
rc
MnO
l\ræ
æ
Na2O
K2c.

OBSER\ED
382 84
48.95
1 .71
17.07
7.03
0.1 4
9.39
10.28
2.73
0.88

Component
147
Fo85
An85

mg#86

-0.0862
0.6611
0.043 I
0.0 83I
-0.0034
0.0473
0.1443
0.0 6 23
0.1 987

ESTIMATED RESIDUALS

Liquid
Olivine
Plagioclase
Clinopyroxene

Squared Residuals

0.51 99



T 9.9b
Table 9.9b

DATA: 381 88=38303+Ol+Plag+Cpx

Liquid
Olivine
Plagioclase
Clinopyroxene

OBSER\ED
38188
48.42
1.29
16.40
8.92
0.1 5
11.17
10 .71
2.89

Component
38303
Fo85
An85

mg# 86

4 8.59
0.9 9
16.30
7.67
0.1 3
11 .21
1 0.40
3.1 I

Proportion
7I .32%
11 .29'/"
3.55%
5.84'/"

48.58
1.07
16.33
8.01
0.1 5
11.12
10.42
2.56

Proportion
65.53%
11 .46%
16.75%
6.26%

-0.1722
0.2955
0.0975
0.61 93
0.0 23 9
-0 .047 6
0.3072
-0.2936

Squared Residuals

0.69

ESTIMATED RESIDUALS

S¡O2
T¡O2
At203
FÐ
MnO
l\/æ
æ
NæO
K20

DATA: 381 88=38307+Ol+Plag+Cpx

S¡O2
T¡O2
At203
FÐ
MnO
fr/go
cÐ
Na2O

t<20

OBSER\EÐ
381 88
48.42
1.29

1 6.40
8.92
0.1 5
11.17
10.71
2.89

-0.1 658
0.2233
0.0666
0.2828
0.0212
0.0528
0.2923
0.3265

ESTIMATED RESIDUALS

Liquid
Olivine
Plagioclase
Clinopyroxene

Component
38307
Fo85
An85

mg# 86

Squared Residuals

0.3566



T 9.9c
Table 9.9c

DATA: 38288=38307+Ol+Plag+Cpx

Liquid
Olivine
Plagioclase
Clinopyroxene

OBSERVEÐ
38288
48.86
1 .39
18.25
7.24
0.13
8.99
11.05
2.79

Component
38307
Fo85
An85

mg#86

48.86
1.06

1 8.25
7.35
0.14
L95
11.05
2.6 6

Proportion
65.59%
7.37%

22.49"/"
4.55%

48.77
1 .17
18.27
7.55
0.1 4
8.9I
11 .20
2.84

Proportion
69.54%
6.34%
19.62%
4.50%

-0.0045
0.3232
-0.0008
-0.1106
-0.0096
0.03 8 7
0.0 0 26
0 .125

Squared Residuals

0.1 34

ESTIMATED RESIDUALS

sio2
Tio2
At203
rc
MnO
Mgo
æ
Na2O
t<20

DATA: 38288=38307+O l+P lag +Cpx

S¡O2
Tio2
4t203
rc
MnO

I\/æ
cÐ
Na2O

K20

OBSER\ED
38288
48.86
1 .39
18.25
7.24
0.1 3
I .99
11.05
2.79

Component
38307
Fo88
An85

mg# 88

0.0 91

0.2206
-0.0243
-0.31 1 7
-0.0171
0.0 01 4
-0.1571
-0.0524

ESTIMATED RESIDUAIS

Liquid
Olivine
Plagioclase
Clinopyroxene

Squared Residuals

0.1 825



T 9.9d
Table 9.9d

DATA: 47 97 I =383 90 +O l+ P I ag +Cpx

si02
Tio2
Ar203
FÐ
MnO

t\/æ
cÐ
Na2O

KzC^

9.2I
12.37
2.42
0.4 0

OBSERVED
47979
49.24
1.06
17.20
7.00

9.27
12.50
2.50
0.20

Component
38390
Fo88
An85

mg#88

ESTIMATED

4 9.31
1 .21

17 .18
6.71

RESIDUALS

-0.0736
-0.1577
0.01 81

0.2896

-0.0103
0.1268
-0.07 57
-0.2114

Squared Residuals

0.1 81 2

RESIDUALS

0.2047
-0.335s
-0.0365
-0.2165

-0.1162
-0.3559
-0.4851

Squared Residuals

0.578

Liquid
Olivine
Plagioclase
Clinopyroxene

Proportion
68.57%
5.72%
16.36%
9.35%

ESTIMATED

4 9.03
1 .39

17 .24
8.4 6

9.3 9

12.85
2.98

Proportion
94.00%
1.30%
1.85%
2.85%

DATA:

sio2
Tio2
4t203
FeO*
MnO
I\/go
cÐ
Na2O

t<20

47 97 9 =383 89 +O l+ P lag +Cpx

Liquid
Olivine
Plagioclase
Clinopyroxene

OBSER\ED
47979
49.24
1.06
17.20
8.24

9.27
12.50
2.50

Component
38389
Fo88
An85

mg# 86

FeO*: Total iron
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Plate 2.14. Alternations of olivine-rich (top) and

plagioclase-rich (bottom) layers. There is a sharp

contact surface between the two layers.

A thin olivine-rich segregation occurs in the middle

of the felsic layer.

Plate 2.18. Displacement of layers along a fault plane,

left of the picture.

Plate 2.1C. Small scale drag faulting of isomodal layers.

Eagle Bay outcrop.





P.2

Plate 2.2A, Changes in the proportions of olivine and

plagioclase across successive layers. Note the larger size of

olivines from the olivine-rich layers.

Plate 2.28. Alternations of mafic and felsic layers with

modal contacts. ln the plagioclase-rich layer (centre of the

picture), the olivines show elongation and alignment on the

plane of layering.

Plale2.2C. Close-up of the previous photograph. Planar

lamination is well defined by the larger olivine crystals.

Troctolites from the Eagle Bay outcrop.





P.3

Plates 2.3A and B. Upper left and right. Troctolite sample

324. Plale A shows a section cut perpendicular to the layering,

and plate B parallel to the layering orientation. In the first

section, the olivine crystals show alignment on the plane of

layering, whereas in the second section the crystals are tabular

The layers are not clearly defined at the lower part of the

first section. Scale bar is 2cm long.

Plate 2.3C. Bottom left. Small scale layering. Three successive

layers are marked. Olivines from the plagioclase-rich layer

have distinctly smaller size than those from the

olivine-rich layers.

Plate 2.3D. Bottom right. Unmodal layers. The section to the

left is cut normal and the other parallel to the layering.

There are two thin plagioclase-rich layers marked. Also,

the upper and the lower olivine-rich layers are more mafic

in character than the central layer.
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P.4

Plale 2.44. Troctolite layering at the Eagle Bay outcrop. The

layers are contninuous over the outcrop, but there is no rhythmic

repetition. A set of plagioclase-rich layers (in the upper centre

of the photograph) shows a basin-like structure.

Plate 2.48. A general view of the layering at Eagle Bay. The

continuity of the individual layers is well illustrated. Although

some layers are traced for several meters, others "phase out"

in less than two meters. No grain size gradation is observed

within a layer or across sets of layers.

Plate 2.4C. Anofihositic layers in melatroctolite. They

show irregular thickness and limited lateral extent, while

maintaining sharp contacts with the melatroctolite.





P.5

Plate 2.54. Intrusion of a mafic layer into modally layered

olivine-gabbro. The layer is injected at an angle to the

layering plane and has not been spread or mixed with the

overlying olivine-gabbro. The shape of the layer as well as its

intrusive style are reminiscent of the layer patterns produced

by "surge type" density currents (lrvine, 1980). Boulder at

Half Moon Bay.

Plate 2.58. Detail of the lower contact face of the mafic

layer. A plagioclase-rich segregation was formed together

with detached wedges from the mafic layer. The contact

between olivine-gabbro and mafic layer is sharp. So is the

contact between the plagioclase-rich segregation and the

olivine-gabbro. The irregular shape of this intrusion and

lower interJace, as well as its sharply defined contact to the

overlying layered rocks and the lack of chilled margins

suggest a plastic environment at hypersolidus conditions.





P.6

Plate 2.64. An olivine-rich intrusion into layered olivine

gabbros. The intrusive layer is 1m thick and massive. The

contact between the two lithologies is strikingly sharp. No

thermal effects have been obserued. Outcrop from the

Handspike Pt. layered rock series.

Plate 2.68. A wedge-like more melanocratic layer to the

left, penetrates the more felsic olivine-gabbro to the right of

the photograph. Handspike Pt.

Plate 2.6C. Laminated olivine-gabbro outcrop from

Handspike Pt. The trace of the plane of layering is marked by

the red line. The top of this section is pointed by the pencil. An

olivine-rich layer crosscuts the layering at an angle. lt is

more coarse-grained than the olivine-gabbro. lt also shows a

sharp contact with the olivine-gabbro to the right.
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P.7

Plate 2.74. A coarse-grained olivine-gabbro layer (centre)

is sandwiched between a medium-grained olivine-gabbro. The

layer is thin and of limited lateral extent. The medium-

grained olivine-gabbro layer is overlain by a layer richer in

olivine, and underlain by another modally uniform olivine-

gabbro layer. Handspike Pt.

Plate 2.78. Laminated olivine-gabbro. Red lines delineate

layer boundaries. The felsic layer in the centre shows

variable thickness. Small blocks of this layer are cut off and

incorporated into the overlying layer. These features could be

indicative of the existence of magmatic currents, which

detach and transport highly solidified material. Handspike Pt.

Plate 2.7C. Detail of the contact between two intrusive

layers. Wedge shaped apophyses of the layer in the centre

penetrate the layer to the left. The plagioclase segregation

(centre) is worth noting. This monomineralic plagioclase

segregation displays sharp interfaces to the surrounding

olivine-gabbro, and an intrusive contact relationship to the

right-hand side. To the left, it thins and tapers out to a

modally different olivine-gabbro. These features suggest flow

in the system and not gravitational sorting at a

convection-free melt body. Convection currents could be

responsible for the accumulation of these layers.
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P.B

Plate 2.84. Small scale boudin-like faulting in harzburgite

from the Eagle Bay exposure. Foliated metagabbroic material

interleaves with harzburgite preferentially along

displacement su rfaces.

Plate 2.88. Successions of olivine-rich (black) and

enstatite-rich (light grey) layers define banding. Harzburgite

outcrop at Eagle Pt.
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P.9

Plate 2.94. Contact relationship between an aphyric

dolerite dyke and a massive medium-grained gabbro. Outcrop

to the south of Nuggets Pt. from the transitional zone

between dyke swarm complex and Upper Level gabbro.

Plate 2.98. Injection of gabbroic material into a set of

parallel dolerite dykes. The gabbroic intrusion crosscuts the

dolerite dykes and is penecontemporaneously displaced. Note

the very sharply defined contacts between gabbro and

dolerite.

Plate 2.9C. Plagioclase segregation in the Upper level

gabbro. Outcrop on the coast line and to the south of

Nuggets Pt.
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P.10

Plate 2.104. Pillow lava outcrop at North Head. Note the

variable size of the individual pillows.

Plate 2.108. Dolerite dykes from the dyke swarm complex.

Note the interchange between the aphyric and

plagioclase-phyric types. Hasselborough Bay outcrop.
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P.11

Plate 2.114. Upper left. Cataclasite from the exposure to

the east of Langdon Bay. This is a fine-grained and totally

recrystallised rock. Striatíons are clearly defined.

Plate 2.118. Upper right. Mylonites from Eagle Bay.

Foliation is defined by the recrystallised pyroxene augens

Plate 2.11C. Bottom left. Two mylonite specimens from

Eagle Pt. A well banded mylonite itet-frand side) and a

leucocratic- metagabbroic mylonite with incorporated

harzburgite blocks (right-habd side) are shown.

Plate 2.11D. Bottom right. Black outcrop of harzburgite

(with grey-green enstatites); harzburgite is cut by a vein of

recrystallised gabbroic material now containing biotite.
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APPENDTX 1 SAMPLE DESCRIPTIONS

Descriptions of aII studied samples are primarily based on

petrography. Grouping of samptes Èo different categories focused

on field relations only.

The freshness of the specimens is divided to four categories

according to the extent of alteration products:

fresh : secondary products usually less than 10t '
r-fresh : alteration by-products limited to less than 252'

m-altered : replacement of primary minerals ranges from 25 to

55t, altered : extensive alteration, more than 559. Primary

minerals are completely replaced or pseudomorphed-

t'lineral grain sizes range from more than 5mm in the coarse

grained rocks to lmm - 5mm in the medium - grained ones.

Abbreviations of mineral-s are as follows: âct= actinolite'

epid=epidote, hornb= hornblende, 39.þ= zoisiÈe, Ðr= chlorite,

biot= biotite and sulph= sulphides.

The abbreviations adopted for rock textures are:

hypid=hypidiomorphic granular, adcum= adcumulate texture, lamin=

planar lamination of igneous minerals and incip. rercY.=

recrystallization along crystat boundaries with the development of

somehow granoblastic polygonal texture. !{hen the degree of

preferred orientation is strong the term good lamination is used.

Otherwise, the lamin. abbreviation refers to poorly developed

planar orientation of the crystals.



(A) LAYERED SEQT]ENCE

Sample No. Rock Type Pr imary ltlinerals Texture

186
3r1

301

303

304

305

306

307

308

309

310

3t2

313

314

315

316

317

318

319

320

32L

322

323

324

325

326

Sheared troctoliÈe Basal Èhrust zone of the
Sheared troctoliÈe layered sequence

Gabbro plag, cPx coarser massive

Dolerite dyke Plag Phen

Gabbro plag, cPx coarse, massive

Gabbro plagr cPx good lamination

Gabbro pIag, cPx medium, massive

Gabbro Plag r cPx good lamination

Gabbro plagr cPx good lamination

O1-gabbro plag, cPx, 01 medium, adcum

Gabbro plagr cPx coarse, adcum

Troctolite P1a9, olr sPr cPx adcum

Troctolite plag, o1r sP adcum

Troctolite PIag, 01 adcum

Troctolite plag, olr cPxr sP adcum

Troctolite PIag, olr cPx, sP adcum

Ol-gabbro Plagr cPX, oI good lamination

Sp-gabbro Plagr cPxr sP altered

Sp-gabbro PIag r cPx r sP altered

lroctotite plag, olr cPx, sP adcum, Iamin

Troctolite plag, o1r sP adcumr lamin

Troctolite PIag, olr sP adcum

Troctolite Plag, o1r sP adcum, lamin

Troctolite PIag, o1r sPr cPx adcum

Dolerite dyke Plag Phen

Gabbro plagr cPxr sP sheared, m-altered



(A) continued

327

328

329A

3298

330

331

3 31A

332

333A

3338

334

33s

336

337

338

339

340

341

342

343

344

345

346

347

348A

3488

349

350

Dolerite dyke

Melat roctol ite

MelaÈ rocto I ite
Dolerite dyke

Irlelat roctol ite

Ivlelat roctol ite

Me lat roctol ite

Troctol ite

01-gabbro

O1-gabbro

01-gabbro

Gabbro

Gabbro

OI-gabbro

Troctol ite

TrocÈo I ite

Gabbro

Gabbro

01-.gabbro

Gabbro

Gabbro

O1-gabbro

O1-gabbro

Gabbro

OI-gabbro

O1-gabbro

Gabbro

01-gabbro

.â,.3

aphyric altered

01, plag, sp adcum

01, plag r sp adcum

plag,hornb fine'holocrystaline

01, plag r cpx r sP adcum

oI, plag r cpx r sP adcum

01, plag r cpx r sp adcum

plag, oI r cpx adcum

plag, 01 r cpx adcum

plag r cpx, oI altered

plagr cPx, o1r sP coarser adcum

plagr cpx good lamination

plagr cPx coarse, massive

p1ag, cpx, olr sP coarse, adcum

ol r plag r cPX r SP coarse

plag, 01 r cpx r sP adcum

plag r cPx coarse, sheared

plag ¡ cpx sheared

plagr cpx, oI adcum

plag, c.px m-altered r massive

plagr cpx good lamination

plagr cpx, 01 medium, adcum

plagr cpx, 01 adcum

plagr cpx stronglY sheared

plag, cpx, oI adcum

plagr cpx, 01 coarse, adcum

plagr cPx coarse t,o very coarse

plag r cpx, 01 adcum



(A) cont inued

3s1

352

353

355

356

357

358

359

360

3 6IA

3618A

36188

370

37r

372

373

374

37s

376

377

378

379C, R

380

381

383

384

390

391

01-gabbro

O1-gabbro

O1-gabbro

O1-gabbro

OI-gabbro

O1-gabbro

Troctol ite

Gabbro

O1-gabbro

Gabbro

01-gabbro

01-gabbro

O1-gabbro

O1-gabbro

DoleriÈe dyke

OI-gabbro

OI-gabbro

01-gabbro

Gabbro

DoleriÈe dyke

Anorthos ite

Dolerite dyke

01-gabbro

O1-gabbro

Anorthosite

O1-gabbro

Anorthos ite

Dolerite dyke

plagr cpx, ol

p1ag, cpx ' ol
plag r cpx, ol
p1ag, cpx r oI

plag, cpx, 01

plag, cpx, oI

plag, oI r cpx r sp

plag, cpx

plagr cpx, o1

PIag '
Prag '

cPx

cPx, oI

plag, cpx, 01

plagr cpxr 01

plagr cpx' 01

aphyr ic
plagr cpx' ol
plag, cpx, ol
plagr cpx, oI

plag r cpx

aphyr ic

Plag

aphyr ic
plagr cpx' oI

plagr cpx, 01

Plag

plagr cpx' 01

plag

aphyr ic

4.4

adcumr lamin

good lamination

good lamination

adcumr lamin

adcum

mesocumu late

intrusive layer

good laminaÈion

adcum,
good lamination

good lamination

adcumt
good lamination

good lamination

adcum

adcum

coarse, adcum

adcum

coarser Iamin

good lamination

cumul-ate, m-altered

centre (C) , rim (R)

intrusive layer

good, lamination

cumulate, good Iamin

adcumr good lamin

thin layer, altered



(A) continued

392

393

394

601

661

663

664

66s

666

530

531

532

534

s3s

536

537

s38

s39

540

Troctol ite

Troctol ite
M ic r ogabb ro

O1-gabbro

T r octol ite

Troctol ite

Troctol ite

Troctol ite

Ano rthos ite

O1-gabbro

01-gabbro

01-gabbro

Gabbro

Gabbro

Gabbro

O1-gabbro

Gabbro

Gabbro

Gabbro

À.5

plag, oI,
plag , oL,

cpx, plag

sp

sp

adcum

adcum

recrystallized' mortar
texture, //fault plane

plagr cpxr ol adcum

oI, p1ag, cpx, sp intrusive laYer

plag, oI r cpx r sp adcum

plag, ol r sp adcum

01, plagr cpx, sp intrusive laYer

plag altered ' thin laYer

ptag r cpx, oI adcum

plagr cpx, oI adcum

plag, cpx, ol adcum

plagr cpx good lamination

plagr cpx good lamination

plagr cpx good laminaÈion

plagr cpx, of adcum

plagr cpx massive

ptagr cpx good lamination

plagr cPx coarse, massive
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(B) UPPER LEVEL GABBRO

Sample No. Rock Type Primary Minerals Remarks

2

200

20L

202

203

204

205

206

207

208

Gabbro ptagr cPx coasrer r-fresh

Gabbro plagr cpx screen in do1. dyke s\'rarm'
r-fresh, epid. zois. veins

Gabbro plagr cPx screen in dyke swarm

Gabbro plagr cPx altered, brown-green hornb.
zois. veins, Plag-Phen dYke

Gabbro plag¡ cPx incip. rectY., hornb.

Gabbro plagr cPX altered, hornb., su1ph.
prehnite veins r coarse

Gabbro Plag¡ cPx r-fresh, zois. veins

Gabbro Plag r cPx r-f.resh, hornb, acÈ.

Gabbro plagr cPx r-fresh, hornb, zois.
epid. veins

Gabbro plagr cPx altered, hornb, medium
cpx lamination

Gabbro plagr cPx r-fresh' incip. recry.

Gabbro plagr cPx r-fresh, medium

Gabbro plag, cPx r-fresh, hornb

Ol-gabbro plagr cPx, ol r-fresh, hypid.

Gabbro plag, cPx, oI r-fresh, relict o1.

Felsic dyke Plag altered

Dolerite dyke plag Phen oPhitic

Dolerite dyke aPhYric

Gabbro plag, cPx r-fresh, cPx lamination

Gabbro plagr cPx coârsêr r-fresh

Gabbro Plag r cPx m-altered

Gabbro plagr cPX aIÈeredr Eêcrystallized
PorhYroblastic Èexture

209A

2098

2]-0

2LL

2t2

2I3D1

2t3D2

2I3D3

2L4

2t5

2t6

2r8



(B) continued

2r9 Gabbro

Â.7

plagr cpx inciP. Eêcr!.r zois'
green hornb.

plag, cPx fresh, coarse,
brown hornb.

medium, hornb, p1a9, Fe-Ti oxides
subophitic texture

micro- holocrystaline, r-fresh

plagr cPX coarse, m-altered

plagr cpx r-freshr coarser chlor.

plagr cpx r-fresh, cPx lamination

plagr cpx, oI r-fresh, hornb'
tal-c?

plagr cpx m-altered, hornbt
ch1or.

plagr cpx m-aItered, inciP. recry.
prehnite veins, hornb' Fe-Tí oxides

plagr cpx r-fresh,

plagr cPx m-altered, hornb, ePid-

plagr cPx, oI m-alteredr cumulate

plag r cPx altered

plagr cPx, 01 r-fresh' cumulate

plagr cpx m-altered' coarse

plagr cPx, oI coarse' cumulate

plagr cpx fresh, medium

plagr cPx r-fresh, hornb¡ ePid.

plagr cPx m-altered, hornb.

ptagr cPx r-freshr coârs€r
hornb, chlor.

plagr cpx coarse, m-aItered, su1Ph.

plagr cPx r-fresh, hornbr chlor.

plagr cPx, 01 r-fresh' cumulate

plagr cPx coasre' aIÈered

P1ag, cPX coarser m-altered

220

22LA

22LB

222A

2238

224

225

227

228

229

230

233

234

235

236

238

239

240

24t

243

244

604

605

606

607

Gabbro

Gabbro

Dolerite dyke

Gabbro

Gabbro

Gabbro

O1-gabbro

Gabbro

Gabbro

Gabbro

Gabbro

OI-gabbro

Gabbro

01-gabbro

Gabbro

O1-gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

O1-gabbro

Gabbro

Gabbro



(C ) PERIDOTTTES AIID GABBROIC MYLONITE

Sample No. Rock Type Primary I'tinerals

Langdon Bay Eagle Point

Â.8

Remark s

plagr âct, hornb fine matrix

01, en serpentinized

plagr cpx massive

oI, êor sp serpentinized

o1, êrr r sp serpentinized

o1r en serPentinized

o1r ênr sp serPentinized

aphyric ( 5cm wide

01, êîr spr cpx serPentinized

altered I cm wide

aphyric plus a felsic dYke

ptag phen. holocrYstaline

o1 , êrt r sp serPent in i zed

oI, êrtr sp serPentinized

oIr êrlr sp serPentinized

altered <2 cmwide

01, en serPentinized

01, en serPentinized

o1 , êrì r sp serPent ini zed

o1, êrì r sp serPentinized

plagr cPx coarse, massive

aphyric < 10 cm wide

olrenr sp sheared
serpent in ite

r02

103

r05

106

107

109

110

111A

TT2

113

II5
116

117

118

119

1t9A

T2I

r22

123

125

L26

L27

128

Cataclas ite

Har zbu rg ite

Gabbroic mylonite

IIar zbu rg ite

Har zbu rg ite

Har zbu rg ite
Har zbu rg ite

Ðolerite dyke

Har zbu rg ite

Gabbroic dyke

Dolerite dyke

Dolerite dyke

Har zbu rg ite

Har zbu rg ite

Har zbu rg ite

Gabbroic dyke

Harzburgite

Har zburg ite

Har zbu rg ite

Har zburgite

Gabbroic mylonite

Dolerite dyke

Har zbu rg ite



(C) conÈinued

131

L32

134

135

136

r37

140

L42

I43

145

t46

r50

151

r52

15 3P

1531,1

15s

L57

r58

160

r61

163

164

165

r67

168

Har zbu rg ite
Gabbroic mylonit,e

Harzburgite

Har zbu rg ite

Har zbu rg ite

Gabbroic mylonite

Har zbu rg ite

Gabbroic mylonite

Har zbu rg ite

Gabbro

Har zburg ite

Gabbroic mylonite

Har zbu rg ite

Har zbu rg ite

Har zburg ite

Gabbroic rnylonite

01, en

plagr cpx

01, en

oI, en

01, en

plagr cpx

01, en

plag r cPx

01, en

plagr cpx

oI, êft r sp

plagr cpxr

01, êÍI r sp

01r êrt r sp

olr en

plagr cpxr

plagr cpx

01, en

plagr cpx

aphyric

01, êft r sP

en

êrr r sp

€rt r sP

Â.9

serpent in i zed

coarse, massive

serpent ini zed

serpent ini zed

serpent in i zed

coarse, massive

serpent in i zed

coarse, massive

serpent in i zed

recrystall i zed

serpent ini zed

ol- coar se

serpent ini zed

serpent in i zed

serpentinized

bioÈ mortar
texture

good foliation

serpent ini zed

coarser massive

partly
serpent inised

serpent ini zed

serpent ini zed

serpent ini zed

serpentine

Gabbroic mylonite

Har zbu rg ite

Gabbroic mylonite

Dolerite dyke

Har zbu rg iÈe

Harzburgite 01 r

Harzburgite 01 r

Harzburgite 01 r

Serpentinite

Sheared Serpentinite



(C) continued

169

170

171

172

L73

t74

175A

L76

177

178

L79

180

181

L82

183

184

185

r87

r91

193

401

402

403

404

405

Har zbu rg ite

Gabbroic dyke

Gabbroic mylonite

Harzb.+ Gb. dyke

Gabbroic dyke

Harzb.+ Gb. dyke

Gabbroic mylonite

Har zbu rg ite

IIarzb.+ Gb. dyke

Har zbu rg ite

Har zbu rg ite

Gabbroic mylonite

Har zburg ite

Harzburgite

Har zbu rg ite
Gabbroic mylonite

Har zbu rg ite
Har zbu rg ite
Gabbroic mylonite

01, êft r sp

altered

plag r cpx

altered

altered

altered

plagr cpx

01, êor sp

altered

o1, en

oIr enrsp

plagr cpx

01, êft r sp

4.10

serpent inite

coarse to
very coarse

good foliation

se rpent ini zed

serpent ini zed

serpent ini zed

foliated

serpent ini zed

partly
serpent inised

serpent ini zed

altered

altered

altered

altered

mylonite 'brown hornb.

01, êrrr sp, cpx

olr en

plagr cpxr hornb mortar
texture

o1, êrl r sp serPentinized

o1r en serPentinized

plagr cpx medium'
cpx-fol iat ion

aphyricDoler ite

Gabbroic

Gabbro ic

Gabbroic

Gabbroic

Gabbroic

dyke

dyke

dyke

dyke

dyke

mylonite plagr cpx, oI



(C) continued

Sample No. Rock Type Primary Minerals Remarks

Boot HiIl Peridotite

.a.1 1

se rpent ini te

serpent inite
se rpent inite
partly
serpent inised

serpent in ite
se rpent in ite
serpent inite
serpent in ite
serpent in ite

serpentinite

serpent inite
serpent in ite
se rpent inite
serpent in ite
s e rpent in i te

felsic 5mm vein

506

509

511

678

27

30

31

50

541

40

54

55

58

60

62

63

Har zbu rg ite
Har zbu rg ite
Har zbu rgite
Har zbu rg ite

Central Plateau Peridotite

01t

01,

olt

olt

en

en

ênr sp

en

Har zbu rg iÈ e

Har zbu rg íte
Har zbu rg ite
Har zbu rg ite
Har zbu rg ite

Mount BIair Peridotite

o1r en

o1, en

01, en

01, en

o1, en

o1,

01,

olt

olt

01r

01,

01,

Har zbu rg ite
Har zbu rg ite
Har zbu rg ite
Har zbu rg iÈe

Har zbu rg ite
Har zbu rg ite
Har zbu rg ite

en

en

en

êfl r

en

en

êfl r

sp

sp



a,.12

(D) ISLAI{ID LAKE GABBRO

Samp1e No. Rock Type Primary Minerals Remarks

2T Gabbro

Gabbro

01-gabbro

Gabb r o

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

OI-gabbro

Gabbro

plag r cpx

plag,

Prag '

cPx

cpx r o1

Gabbro plagr cPx

Gabbro plagr cpx

Ol-gabbro plag r cPx ' ol

coarse, r-fresh t
horn, actinolite

medium, r'fresh

medium, fresh,
hypid.

medium, altered'
zois, hornb r chlor.

coarse, r-fresh
coarse, r-fresht

hornb.

medium, r-fresht
hornb.

coarser m-altered,
act.

medium, subophitic

coarser r-fresht
hypid.

mediumr fresht
hypid.

medium, r-fresht
hornb.

oI

coarser r-fresht
hypid.

mediumr r-fresh

coarser altered

mediun, altered

medium, fresh

coarser fresh

recrystallized 'hornb, mortar texture

22

23

24

25

26

32

33

34

35

36

37

plagr cpx

Prag '
Prag,

cPx

cpx

plag r cpx

plagr cpx

Plag,

Plag '

cpx

cpx

39

43

46

47

673

675

651

Plag '
Plag '
Prag '
PIag '
PIag '
Plag '

cPx

cpx

cPx

cpx

cPx t

cPx



(E) SAIIDY BAY GABBROIC UNIT

Sample No. Rock Type Prinary lilinerals

Ä.13

fresh, coarse

medium, fresh, hypid.

medium' r-fresh' hornb

o1 medium, fresh

oI coarser m-alteredt
brown hornb' chIor.

medium, r-fresh

mediumr r-fresht
hypid. ' hornb

nedium, r-fresh

coarse, altered

coarse, m-altered

fresh' hypid.

coarse r altered

o1 medium, r-fresh,
green hornb.

oI medium to coarset
r-fresh' idding.

medium, r-fresh

ol coarse, m-aItered,
hornb, acÈ, talc

continued

652

653A

65 38

65

66

67

68

69

70

7T

72

73

74

75

76

78

79

80

81

Gabbro

Gabbro

DoI. dyke

Gabbro

Gabbro

Gabbro

01-gabbro

01-gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

O1-gabbro

O1-gabbro

Gabbro

O1-gabbro

plagr cpxr

Plag '
PIag '

cpx

cpx recrystallized,
mortar texture, hornb, su1ph.

plagr hornb' Fe-Ti oxides'
holocrystaline recryst. subophitic

Remarks

Prag,

Plag '
Plag '
Plag,

PIA9,

cpx

cpx

cPx

CPX,

cPx r

Plag '
Plag '

cpx

cPx

Plag '
Plag '
Plag,

Plag '
Plag,

Plag,

Plag '
Plag t

cPx

cPx

cPx

cPx

cpx

CPx r

cpx

CPX,



(F) NORTE MT. - ¡4T. BLAIR: GABBROS AwD WERELITE

SampJ-e No. Rock Type Primary Minerals Remarks

North MounÈain Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Boot HilI Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Rookery Creek

524 O1-gabbro plag r cpx, oI

4.14

m-altered, medium

altered, subophitic

altered, subophitic

completely altered

altered, zeolites

altered, medium to
coarse ' hypid.

aIÈered

microgabbro, zeoliÈe
and epidote veins

m-altered, medium

altered

r-fresh¡ mediumt
cumulate

s01

s02

503

504

505

508

510

5L2

s14

542

Plag,

Plag '
PIag '
Plag '
Plag,

cpx

cpx

cpx

cpx

cPx

plagr cpx

plagr cpx

plagr cpx

plagr cpx

plagr cpx

525 Gabbro plagr cpx m-altered, medium



À.15

(F) continued

Mount BIair Gabbro

51

J¿

53

57

59

61

515

520

521

522

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

PIag,

Plag,

cpx

cPx

m-altered,

m-aItered,
su lphides

r-fresh t

r-fresh t

m-altered '

medium

medium

coar se

medium

med ium t

PIag '
Plag '
PIag '

CPX

cPx

cpx

Gabbro plagr cpx

O1-gabbro plagr cpxr 01

Gabbro plagr cpx

North t¡fountain lfehrlite

67r

672

P1ag-wehrlite oIr PIag t

Plag-wehrlite oIr Plagr cPxr sP

hornb.

altered, medium

altered r coarse t
hornb.

alteredr medium,
epidote veins

fresh, medium,
cumulate

enÈireIy replaced 'hornb, albite?

cpx, sp cumulus o1 and
sp¡ postcumulus Plag

and cPx

Plag,

Plag,

cpx

cPx



(G) EÀST COAST: NUGGETS PT. SAìÍDY BAY

Sample No. Rock Type Primary Þlinerals Remarks

t. 16

plagr cpx m-altered' medium,
subophitic

plagr cpx, 01 fresh, medium

plagr cpx r-fresh, medium'
brown hornb.

plagr cpx altered, zois. vein

pIag, cpx m-alÈered, coarset
hypid, hornb.

plag, cpx m-a1tered, medium

plagr cpx r-fresh' igneous
lamination

plag, cpx altered

p1ag, cpx m-altered, su1Ph,
hornb, ch1or.

vein in dykes

plag, act altered

aphyr ic

p1ag, cpx, ol r-freshr medium
green hornb¡ idding

plagr cpx altered' coarse

plagr cpx alt,ered' coarse

plag r cPx altered

plagr cpx r-fresh, medium

plagr cpx r-fresh¡ hornb'
Fe-Ti oxides, suboPhitic

plag r cpx altered

cpx, plag oPhitic

plagr cpx, suboPhitic, sulPh'
kaersutite Prehnite, ePid.

plag altered

701

702

703

704

70s

706

707

708

709

710

711

713

715

716

720

72r

722

723

724

725

726

Gabbro

O1-gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Gypsum

FeIsic layer

Dolerite dyke

01-gabbro

Gabbro

Gabbro

Gabbro

Gabbro

Microgabbro

Gabbro

Dolerite dyke

Alka1i gabbro
horn,

Felsic layer727



Sample No.

M14

234
236
381 88
38291
38284
38306
38280
210

38237
38320
38334

233
220

NH2

4.16a

Table (Hl: Lavas and Dykes

Remarks

Pillow lava. North of Mt. Gwynn. Sample number in

Griffin's field collection 235.
Basalt. North of Aurora Pt.

Basalt. North of Mt. Gwynn.
Pillow lava. Green Gorge.
Basalt. North of Green Gorge.
Basalt. ESE of Davis Pt.
Basalt. South of Green Gorge.
Basalt. South of Cape Toucher.
Pillow lava. North of Cape Star.

Dolerite dyke from dyke swarms. Gadgets Gully.
Dolerite dyke from dyke swarms. Double Pt.
Dolerite dyke from dyke swarms. South of
Lucitania bay.
Dyke in pillows. North of Aurora Pt.
Dyke in pillows. SW of Mt. Hamilton.

Basaltic gIass. [ortb, Head.



4.17

RPPENDIH 2: H-Rag Flourescence ßnalgsis and fltomic

ßbsorption Hnalgsis, Techniques and Results.

(Al. Preparation of samples.

Caref u lly selected troctol ites, o livine-gabbros, massive gabbros,

harzburgites, dolerite dykes and small gabbroic veins in harzburgite were

prepared for whole rock analysis. The specimens were sizable because of

their coarse character and the presence of layering. Two to five kilograms

from each sample were used. Firstly, the samples were cleaned off from

the weathering cover by sawing the outer crust, and then they were split

to smaller fragments using a hydraulic splitter. The rock fragments were

then passed through a jaw crusher, so that their size would be reduced to

to less than 10 mm. The crushed sample was then cleaned by hand of any

weathered pieces. Special precaution was taken for the small dykes in

harzburgite; all pieces showing weathering effects were removed using a

hand lense. The clean separate of each sample was then ground in a

tungsten carbide mill in batches of 100 gr at a time. The average weight of

each sample was approximately 2009r. For the very coarse rocks, up to

four runs were carried to ensure homogeneity of the samples. The resulted

powders were used for major and trace element analysis. W and Co were

not analysed.

(B). Analytical techniques for major element analysis.

Sample powders were put in an oven for two hours at 98oC. A

sample of three to five grams of the dried powder was weighed in pure

silica crucibles (alumina crucibles were also used) and then placed in a

furnace at 960oC for for twelve hours. The ignited sample was then

weighed as soon as was recovered from the furnace and weighed. The

weight difference between pre-ignition and after-ignition values was

employed to estimate the loss on ignition values (L.O.l.).

Na and K determinations were carried out by atomic absorption



spectrophotometry techniques. 30 mg of sample was weighed in tefflon

beakers using a Mettler analytical balance. The sample was then dissolved

in 2 ml of HrSOo (50% v/v) and 10 ml of HF (50% w/w); it was then placed

on a hot plate at 120oC for twelve hours. When diggestion was completed,

the diggested sample was diluted to a solution up to 100 ml by volume. ln a

group ot25 samples, two internal standard samples (BHN ll) and three

blanks were prepared. Details on the technique can be found in Turnbull and

McDuie (1979). The solution were run in the Varian Techtron AA6D

spectrophotometer of the Geology Department, University of Adelaide.

The other major elements, Si, T¡, Al, Fe, Mg, Mn, Ca, and P were

analysed in glass disks using a Siemens SRS-1 spectrometer. The glass

disks were prepared using the method of Norrish and Hutton (1969). 0.28 gr

of ignited sample, 0.02 gr of NaNO, and 1.5 gr of lithium borate flux

(Norrish formula) were weighed and mixed thouroughly. The mixture was

then fused in Pt-Au crucibles (at 10700C);tne molten mix was poured in a

graphite disk and pressed.

.(C). Analytical technicLues for trace elements.

Pressed powder pellets were prepared for trace element analysis

and then run in the Siemens spectrometer for Ni, Cr, Sr, Rb, Ba, Y, Zr, Nb,

Ti, Sc, Y,Zn and Cu. Unignited sample powder was pressed in a hydraulic

presser at 5 Vsq.in.

(D). FeO determination.

Unignited sample powder was weighed in Pt crucibles and then

dissolved in 10 ml of H2SO4 F0% v/v) and Sml of HF (50% A.R.). The

mixture was placed on a hot plate (asbestos plate) at 320oC tor 20-25

minutes. When the mixture simmered, the crucible was carefully immersed

in a beaker containing a solution of 10 ml H,SO 4 (50% v/v) and 30 ml

H'BO3 previously prepared. The sample was then titrated against standard

ceric sulphate solution (0.025 N) using ten drops of N-phenyl anthranilic



acid as indicator. Ferrous iron was then determined on the basis of 1 ml

1N Ce-solution is equivalent to 71.85 mg of FeO.

(E). Results and CIPW norms.

A group of 165 rock samples from the layered rocks, the

harzburgites, the various massive gabbros, the North Mt. wehrlite and

dolerite dykes were selected for major and trace element analysis. The

samples of the layered rocks were prepared in duplicates in order to

assess analytical inconsistencies; some samples were prepared in

triplicates as well. Minor deviation was detected for the concentration of

Cr and Ni in the troctolites, !3o/o, due the high Cr and Ni contents in these

rocks. The results are the average values of the duplicates. Major element

data on basalts and dolerites from the dyke swarms are from Griffin

(1e82).

RNßIYTICRL BESUTTS IN MICROFICHE (BRCK POCKET)

Abbreviations in the following tables,

Âa: not analysed
nd: not cetermi.ned.

FeO - : ferric lron not determined



(À)

Samp I e
No:

LAYEREO SEOUENCE À.21-¡.1-

301 304 305 309 310 312 313 315 31ó 318

si02
Ar203
F e2O3
Fe0
11n0
11eo
CaO
Na20
K20
Ti02
P203
L.O.I

48.01
19.77
0.81
3,25
0.11

10.64
15.61
I ,49
0.06
0. 18
0.01
2.56

118
I 1ó3
t793
249

37
30

0.35
t2,27
47.09
o. 1g

12,65g.5l
1,87

47,99
t7 .65

1 .51
3,92
o,12

12,34
14.37

1 .5ó
0.04
0.20
o.o2

t26
0.5
5.3
4.5
0.3

20
38

t25
L2t7
79t
280

50
44

49,07
1ó .95
0.5ó
2,76
0.09

11.35
17,29
1.31
0.05
o,22
0.03

105
0.ó
5.6
4,8
0.4

T9
55

168
1549
r2t2
235
t02
22

45.75
13,27
2,69
4,4t
0. 14

21,6L
11.01
0.55
0.09
o,12
o,o2
4,42

47,57
L9 ,66

1 .09
2,53
0.11

11,87
15.11
t ,42
0.07
0. 13
o,o2
3. 13

124
0.9
3.7
3.4
o.7

20
32

103
864
960
263
142
54

45,49
25,99
o.97
2, t6
o.07
9,39

14. 18
l. t0
o,24
0.09
0.01
3.53

t24
3.5
1.1
1,2
0.4

30
L2
42

327
t7 t6
391

76
L7

42,60
16.70
3. 13
3.23
0.09

9,90
o,32
0.11
0.05
o.o2
8.26

L6
9,4

32
283

2402
923

55
30

43.39
18.83
2.24
3. 11
0.09

20, t4
10.99
o,52
0. 15
0.06
0.01
ó.83

42,93
18.08
2,94
2.98
0. 10

22, LI
to,2r
0,48
0. 14
0.04
0.01
8,32

22
I

28
279

2470
630

88
30

0.93
4.06

46.77

1.ó0
1,32
0.0E
3. 10
o. 18

35.49
2,25
4,26
0.0E
o.o2

100. 02

43.54
20.39

I .81
3. ó5
0.09

19,74
9 ,46
1.Cl
o,17
0.05
0.01
6,17

28
6,6
2t

239
1976
ó58

30
39

L,37
I .00
8.55

46.87

2,64
o,2g

32.60

,62
.09
.02
,92

.4323

2.8t 2,O9

ToTAL 99,94 gg.gL g9,67 99,63 9g,57 gg,5g gg.5g 99,52 1oO.02 9g,g3

Trace El ements in ppm

Sn
Rb
Y
Ze
Nb
Ba
5C
V
ri
LN
\¡i
Cu
Zn

1T

IL
IP
iOTAL

o,24
13.20
41.04

0.30
10.52
40,22
0.30

18,?2
t4,62
2,29

27
E8

725
t229
572
t32
40

o,47
4. ó5

33.51

.99
,77
.64
.20

3. 07
3.90
o,23
0.05

99.ó5 9

0.41
12,O2
47,O7

11.59
9,14
1.1ó
0.06

4.27
1,99
L,57
o,25
0.05
9.57

42 0.ó5
3 t 2.71
00 43.91

78
1.8
0.5
0.8
O,2

24
11
35

387
t873
7t4

70
27

0.E9
4.40

48.60

2,44
L,99
0.16
3.11
o,24

31.57
2.73
3,23
0. 1l
o,o2

99,32

98
2,8
0.1
0.5
0.1

7L
1.9
0.4
1.1
o.ó

63
1.5
o.2

I
o.2

64
T,7
2,6
1.8
o,2

20

129
O,7
4.9
3.6
O,2

t2
31 .6

iIPU Norm

l
]R
ìB
IN

1:
9,

a=:
{E
lI l,lo

En
Fs

tY En
Fs

)L Fo
Fa

12,58
9.51
r.7g
1 .73
o.32

14 .00
2.89
2, L9
0.39
0. 05

99,9I

I
6
0

10
1

23

-.76

,22
,973

2
0
0

99

.54
2
4
0
0

99

2,21
L.73
o,23
2,O3
o,27

13.75
2,O4
1.41
o.17
0.05

99.59

1

2, t6
r,79
0.11
4,72
o,28

36.33
.35

.09
,02
.58

11.90
2,59
l,L7
0.34
o. 02

99,94

9,37
t,64
0.81
o ,42
0. 07

99,67

f g* 85 .37 85 . 06 87 ,gg 89 .73 Bg .92 88 . 57 gz, g2 92,o3 92 ,97 90. 60



LAYEREO SEOUENCE
.2-

319 320 322 323 326 328 331 332 3334 3338
Samp ì e
No:

si02
Ar 203
Fe2O3
Fe0
lln0
11eo
CaO
Na20
K20
Ti02
P203
L.0. I .

OL

45.30
27.28
o.62

0.05
8.59

14.95
1 .51
o. 13
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.13
.51 I
,69
.86

46.00
25,74
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Trace El ements in ppm
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.28
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0.01
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3
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F
E
F
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2
2
0
1

0
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.0ó

0
0
0
2
0
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I
3
0
0

.06

2
I
I
0

.39 3
2
0
1

0
3
3
0
0
0

3
2
0
1

0
3
2
0
0

1

.14

.2t
,22
,71
.81
.15

99 ,62 LOO,29

0.35
10.83
0.09
o,o2

99,82
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l1g* E9.85 95,23 92,96 93.34 85.54 95.1I 94.34 86,37 85.82 87.67
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0.01
4.36

0.5
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19.40
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o.99
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0.08
0.01
4,ll

10
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18.99

1 .01
3.34
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11,76
15. 49
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0.03
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t ,7l

111
1
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2

0.5
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14,47 L4
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0.01 0
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0.06
0. 17
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0.93

31 .65
4.lg
5.31
o,23
o,o2

99,92

.09

.54

44
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0
0
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0.6

o
t,2
0.1
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0.4

o
I
6

1,4

o.24
16.23
72, 16

.88
,96
.50

¿lsg
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0.11
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6,44
4,73
1.10

9 .62
2,47
1 .04
0.36
o.05

100. 1E

82,66

o.47

1 .0ó
L2. 02
40.03

94 92
1

6
4.5
o,2

197
2,3

2
2,4

00.8 0.8

L,6
3,9
4.5

0

OR
AB
AN
NE
OI

HY

OL

1 .30
18 .58
42.1O
0.48

11.89
8.12
2.83

10.19
3.91
0. 13
0.4ó

0.41
12,6r
42,77

13
9
2
4
I
I
2
o
0
0

00

3
0
1

4
o
4
2
2
0
0

00

o,27
o.o2

99,98 1

4
4
0
0

o
n
5
n
5
o
d

lrj

E
F
E
F
F
F ,2L

,23
,42

8ó.98

0.41

16,49
L2,62
2, L4
8.84
1 .50

14.54
2.72
3.31
o,46
o.o2

99,87

85.82

0.43

.03

.10

.53

.95
,75
,97
.50
,37
,32
,02
,27

87. 1E

o.3E

L4, 12
1o,47
2,28
I .90
0.41

13.18
3, L7
0.8E
0.34
o.o2

99.90

84,67

0.37

12,63
4,78

o.23
o,o2

99.9t t

79, t2

o,47

,17
.34
05.05 0. 1ó

100.02 100.02 100.18



(D)

Samp I e
No:

si 02
Ar203
Fe2O3
Fe0
llnO
11g0
Ca0
Na20
t<20
T ioz
P205
L.0. I .

Sn
Rb
Y
7r
Nb
Ba
Sc
V
Ti
Cn
Ni
Cu
7n

.11-
ISLAND LAKE GABBRO

2t 23 26 33 35 3ó 39 43 ó51

32
15

1

6
0
9

11
2
0
0
0

.82

.07

50
16

1

4
0
9

14
2
0
0
0
I

34

50
T6

0
5
0

10
13
2
0
0
0

.58

.47

.90

.55

.13

.08

.85

.50

.08

03
t.76

18ó
0.9

13
L9

o,7
28
43

t67
2069

272
168
30
31

,47
.15
.49
,63
.00
,49
.11
.39
.61
,76
.30
.65
.07

49,59
t7.62
t.87
4,O2
0. 13

10.92
13 .85

1 .98
0.05
0.25
o,o2
t,17

159
0.3
7.2

5
0.ó
2t
42

t47
1607
597
207
120
31

0.30
16.75
39. 04
L2,33g,lg
I .93
ó.03
t,27
E,22
I .90
2,7t
o.47
0.05

50. 12
16,57
t.o2
4. 1g
0. 13

11.03
t4,77
1.gg
0.05
o,26
o,o2
1,82

r52
O,2
7,5

5
L,2

46
175

t723
843
240

77
27

5t,2r
15.55
2,06
4. ó8
o, L2
9.63

13.44
2.53
0.11
0. ó5
0.03
1 .48

18ó
1.4

11
t2

1

46
42

233
3ó61

133
97

3
l7

139
o,7

206
2326

503
149
28
27

49,70
r6,82
L,7l
4.50
0. 14

10.44
14.00
2,26
0.07
0.31
o,o2
2,13

177
0.3
8.5
7.7

0
26
42

r66
2461

363
t57
101
31

0.41
19 ,12
35.55
14. 10
LO.22
2,39
1 ,98
0.50
9,67
2.7 t
2,48
0.59
0. 05

99,97

49,84
18. ó5

I .55
3,26
o, t2
9,77

14.66
t.94
0.08
o,26
o,o2
t,28

1.4
24
35

135
T6T2
744
202

85
24

o,47
16.42
41 .95
12. E0
9.70
t,79
5.55
I .03
6,37
1 .30
2.23
o,49
0.05

100. 15

49,02
L7,09

1 .04
4.35
o, t2

12,24
14.05

1 .84
o, 12
o,24
0. o1
2,73

r47
1.4
6.8
6.8
o,7

26
37

134
1532
E45
309

73
30

o,7l
15.57
38.02
t3,20
9,72
2,22
1 .38
o.32

13 .58
3.41
1 .51
o.46
o,o2

100. 12

.40
,gg
.58
.48
,tg
.00
,t7
,82
,T2
,46
.03

0. 1ó

179
1,7

10
11

1.3
37
43

209
2625

34
56
53
42

o,77
23 .86
30,62
to,27
6. ó0
3.00

13.20
ó.00
1 .84
o,92
2,29
0.87
0.07

loo,24

.29

.72

.05

.14
,72
,72
.33

.40
,02
.07

ToTAL 100.29 100.20 100.03 100.03 LOO,28 99,97 100.15 100.12 rOO,24

Tnace El ements in ppm

157
o.7
6,7

5
1t
11
.2
33
50

1

23

CIPU Norm

OR
AB
AN
DI Uo

En
Fs

HY En
Fs

0L Fo
Fa

t1T
IL
AP
TOTAL

0.30
15.91
3ó. ó3
15.25
11.13
2,69
4,54
1.10
8,27
2,20
1 .48
0.49
0.05

0.41
19,72
33,79
1ó.33
12.00
2,78
3.44
0.80
6,14
L,57
2,49
o.76
0.05

100.28

2
5
1

I

0
2t
33
14
10

3
1

0
9
3
1

0
0

0.65
1.41
0.75
4,92
0.82
2.72
7,42
t.E7
4.05
l,L2
2,9?
L.23
0.07
0.03loo,29 100.20 100.03 10

[9# 77 , L2 82 ,75 82 , 47 78 ,61 61 . 05 80 . 53 84 ,23 83 ' 37 7l '23



ISLAND

673 675
Samp I e
No:

si02
Al 203
Fe203
Fe0
11n0
llgo
Ca0
Na20
K20
Ti02
P205
L.0. I .

Fa
MT
IL
AP
TOTAL

LAKE GABBRO ( 673, 673 )

& GABBROIC IîYLONITE ( 150, 156, I7L )

150 158 L7t

.12-

4
1

9. 08
6,26
I .57
4,70
o,12
2.70
3.33
1,72
0. 04
o,25
o,o2
t,32

51
t6

6

49
18

I
4
0

,79
,7t
,23
.51
.11

9,74
13,2t
2,70
0.07
o,23
o.o2
o,66

32
t4
88
30

50.47
t7,78
6,57

0. 14
8.95

12,71
2,80
0.11
0.38
o,o2
o.67

2to
L,6

9
9,6
0.3

38
32

149
22tE

178
139
na
na

0. ó5
23,69
33,62

11.40
7,70

2,39
0.95

.42

.90
,72
.05
.93

0.13
8.47

t2,56
2,96
o,20
0.38
0.03
o,7l

180
2.2

t2
n8

54
41

177
2422

104
80
na
ne

12,60
8.45
3.21
4.94
I .88
5 .40
2,26
1 .86
o,72

o, 17
e.78

19.51
0 .8ó
0. 14
r,26
o,23
2,87

81
L,2
79
95
27
64
62

349
959r
246
212

na
ne

.óo 45.93
,79 14.84
,43 7,20

1

I

ToTAL 99 ,79 100.31

Trace El ements in ppm

Sr
Rb
Y
7r
Nb
Ba 20

3E
t37

t520
534
246

9T
31

25
31

113
1320
294
183
84
29

CIPU Nonm

99,93 99,57 99.93

t47
o.7
7.2
5,2
o,2

841

0.5
4.6
3.9
o.7

Sc
V
Ti
Cn
Ni
Cu
Zn

Uo
En
Fs
En
Fs
Fo

OR
AB
AN
NE
DI

HY

OL

o,24
14.55
3ó.53

0.41
2t,89
36.73

12.31 I
g. og
2. 05
7 .I4
1.ó1

10.80 1 1.49
2.69 3.70
2,28 L.78
o,47 0.44
0.05 0.05

99,79 100.31

0
I
7
2

a

a 2,83

1.18
25,O3
31 .94

o,66

36.22
3.94

24.61
17.18
5.38

5.03
L,74
2,O9
2,39
0.58

99.55 99 ,94
0.07

42
I
3
I
0
0

99

l'1g* 82.81 79.38 75,20 74.56 75,16



(E)

Samp I e
No:

si02
At 203
Fe2O3
FeO
lln0
1"1s0

Ca0
Na20
K20
1ioz
P205
L.0.I.

5r
Rb
Y
Zr
Nb
Ba
Sc
v
ïi
Cn
Ni
Cu
2n

. 13-

68 69

SANOY GABBRO UNIT

70 73 76 79 80 81

48,92
19.45
0.87
5,76
o, 12
9,93

12,06
2.23
0. 14
o.23
0.03
1 .45

t97
2,5

6
13

2,2
44
22
85

1 330
359
195

51
38

.E3

.04

.5ó
.13
,73
.8ó
.5ó
,79

10.61
4,67
1,26
0.44

50.62
18,24
0.59
5, t2
o. 12
8,32

13.87
2,68
0.09
0.39
0.01
1.81

18ó
0.E
lo

9,2
1.7

33
44

183
2398

756
151

36
31

0.53
22,68

.49

.0ó

.60

.53

.ó0
,24
,07
.ó5
.8ó
,74

49,77
17 .43

L,23
4,70
0.13
g.g2

14.66
2. t4
0.07
0.33

1,82

t66
o.7

10
15

I,7
43
41

t67
r932
3E4
153

74
31

52,23
16,26
0.33
ó.3ó
0. l5

l0 .01
1L,76
2, 45
0.05
0.33
0.01
0.38

tó3
o.7
7,7

22
37

1ó0
I 783

76
81
na
na

51 .20
L7 .67

1 .0ó

0. 13
8,67

12.80
3, L2
0.09
0.34
0. o1
2,47

212
0.9
8.3
5.5
0.8

34
48

t92
2096

100
83
15
33

0.53
26,40
33.95
12.31
8,37
2.98
0.73
o.26
9.75
3.44
1 .54
0.65
o.02

99,93

78

140
0.9

11
22

2.8
35
37

154
2t66

777
221

69
38

0.41

50.07
t 5.89
o,49
5,62
0.11

10.73
14.51
L,94
0.07
0.41
0.04
0. ó3

145
l.ó
t2
T6

1.6
34
4t

173
2433

391
1ó5
79
32

0.41
t6.42
34,44
15.57
10.60
3.75

r,32
8. ó8
3.38
0.71
o,78
0.09

99.88 I

49.38
1ó.08

1.ó3
5.02
0. 13

11.78
13.59
2,O7
0.11
o.29
0.01
2,39

42
42

t62
1799
376
2t7

97
40

0.65
17,32
34.26
13.82
9.97
2,59
2,45
o,64

11.85
3.40
2.36
0.55
0.02

00.09

.15
,7t
.ó8
.85
.11
,79
.90
,07
,07
.38
.01
.33

174
1,2
9.5
l0

I
27
45

183
2302

787
17l
67
28

0.41
17,32
36. tO
13,77
1o.92
3.55
2,48
0.81
7 ,68
2,75
o,99
o,72
o,o2

99,71

50
1ó

0
4
0
9

L4
2
0
0
0
1

49,2t
15.94
1.13
5.25
0. l1

11.45
13.92
1.81
0.07
0.3ó
0.04
o.79

4.84

0.11

ToTAL 99 .76 99 ,96 IOO ,29 99 ,94 99 .93 99 .29 99 . 88 100 . 09 99 ,7 |

Trace El ements in ppm

153
1.4
8,2
7,9
1,2

CIPU Nonm

OR
AB
AN
DI Uo

En
Fs

HY En
Fs

0L Fo
Fa

tlT
IL
AP
TOTAL

o
L9
42

7
4
1

4
1

37
13
I
3
o
o
I
3
o
0
0

1.581

0.41 0
18.1I 20
37,73 33

,27
,07
,24
.37
.08
,99
,79
.ó3

3.44
1,69
0.48
0. ó3
o,o2

99,94

4
0
3
1

0
9
2
I
0

.30
,73
,22
,46
,73
,02
,26
.93

0
6
3
3
5

3.73

32
L6
04
93
90
20
52
38
o1
64
68
09
29

15.
35.
14,
9.
2,
É
J.

1.
9,
3.
1.
O.
0.

1

1

,o2 0,o20
99 100.05 loo,29 99

,07
.76

l1g* 75 ,45 74,33 76.83 73.72 ?6,13 79 ,34 77 ,29 80. 70 78 '23



. 14-

Sanp I e
No:

IîASSIVE GABBROS ( 501 - 52T ) & UERHLITE < 671,2 )

501 502 508 524 32 53 52t 671 672
si02
Ar 203
Fe2O3
FeO
llnO
llgo
Ca0
Na20
K20
T íO2
P205
L.0. I .

4g. gg
14,64
2,72
9 ,94
o.25
7.50

LO,79
3,64

,gg
,92
,27
.I6
,63
.18
.39
,04
,24
.01
,44

o. 13
10.71
14.60
1.gg
0.0ó
o .29
0.01
1 .54

153
0.9
7,4
5.4

0
24
41

157
t796
515
188

E1
28

47,23
17.05

1 .00
10.50
0. 1g
9.05

10.99
3,21
0.13
0. gg
0.08
3.01

49,26
18.41
o,7t
3.54
0.09

t1,47
t4,75

1 .81
0.05
0.19
0. o1
1 .99

7
4
4
0

23
T2
0
0
0
0
5

46, lg 49,29
17.T2
0.89
5. gg
0. 15

10. 25
13.4ó
2,49
0.09
0.40
o,o2
2, LO

166
o,2

11
t2

0.5
32
45

t94
2527

201
140
73
35

49.95
r6,73
5.56

46.O2
20,79

L,92
3.9ó
0.11

13.81
T2,87
1.14
0. 1g
0.20
o,o2

110
2,3

5
9,4
0.ó

34
18
73

1 238
127 I
275

74
32

,52
.81
.ó5
.35
,22

.06

.43

.05

.29

.03

,gt
.05
,96
.50
,T9
.69
,62

40
7
4
7
0

34
3

,97

08

4L
6
4
I
0

33
4
0
0
0
0
597

o. 1g 0.41
0.03
o,2L
o,o2
6,99

1,23
0. 10
2,74 2

ToTAL gg . gt loo ,22 loo .2g l oo . 02 l oO . 12 gg ,g2 1oO . 14 LOO ,27 gg ,5g

Tnace El ement s in ppm

Sn
Rb
Y
7r
Nb
Ba
5C
v
Ti
Cn
Ni
Cu
7n

CIPU Norm

t7t
1.9
28
56

3.9
5l
45

240
6029
216
52
79

t82
0.9
24
53

3.ó
41
33

t72
4696
300
101
110
74

36
t2t

I 154
469
291

72
20

37
o,2

6
4,2
0.ó

l9
46

15E
I 5ó0
1801
7t6

81
44

45
2,7
5.ó

13
1.9

8
15
70

t326
2463
t274

38
ó3

58
2,2
3.5

9
1.3

6
t2
53

894
2309
1376

29
58

1

I
4
3
0

51
,2
.J

.5
.4
18

76

OR
AB
AN
NE
0I Uo

En
Fs

HY En
Fs

OL Fo
Fa

t1T
IL
AP
TOTAL

llg*

o.47
19.33
35.30
0.94

13.09
8,74
3.39

T1.76
5.01
L,29
o,76
0. 05

oo, 12

0.35
15.91
37.O4

T,L2
9.65

5l .02

.30 0,1g,64 3.47.50 L7 .3r

t .12 0,77 o.3o o27.60 19.54 15.32 3
23. 05 31 .73 4l ,g6 lg

| .74 4. 13

24
30
93a

o
3
6I

12,45
6.E2
5.19

8.31
ó. gg
3.94
2,37
o.23

99.90

9,26
5.08
3.9ó

12.24
1o,26
t ,45
I.gg
0.19

1 00 .40

13.01
9,74
L,97
I .34
o.27

12,23
2,73
1 .03
0.3ó
o,o2

loo,2g

16.gg
13.93
0.67

11.53
o,72

23,40
1.ó1
7 ,13
o.46
o,o2

100.02 I

14,73
10.52
2 ,93
4.61
t.2g
E. Og
2.48
I .39
0.55
o. 02

5. lg
4 .00
o. ó3
3,25
0.51

19,o2
3,29
2.79
o.3E
0.05

t ,44
1.13
0.15
8.31
1.13

52.50
7.93
6,74
0.55
0.07

o,22
0. 17
o,o2
8.35
0.94

54,57
6,74
7 ,lg
0.40
0.05

gg,5g99.92 100.9ó 100.2g
57.59 60.57 g5.24 go.7g 75.34 gO.5g g6,44 g7.g5 gg.1g



(c)

Samp I e
No:

EAST COAST

702 703 706 707 708 70g

.15-

50.
16,
,:

7TT

47,03
29.56
0.55

T
71 30 713G

si02
41203
Fe2O3
Fe0
llnO
11so
Ca0
Na20
K20
T ioz
P205
L.0. I .

45,37
22.60

L,64
3 ,62
0.0ó

11.41
13.24
I .35
o,2l
0.25
O,O2
2.51

136
2.9
6,7
2t

3.4
38
15
58

1423
354
271

4
18

50. Eó
14.25
o,g7
3.39
0.09
9 ,69

16,39
2.63
o.26
0.93
o, 17
1 .05

282
3,7
l7
47

9
63
óó

237
5946

414
106

5
10

51.35
16,79

1 .83
4.13
o.l1
g ,61

11.99
3.25
0.37
o,47
0. 03
2.40

159
4,6

1l
t6
2

45
39

185
2560

t22
130

6
19

49.49
19,32

I .09
2,95
0.09

10. óE
16.03
L,42
0.04
0. 1g
0.01
2,25

50.50
16.91
I .5ó
4.44
0. 14

10. 01
13.29
2.47
0.19
0.48
o.o2
2,Og

149
L.¿
l6
22

2,8
34
30

188
2691

572
104
l9
49

,29
,27
.09
.05
.10
,47
.59
.40
,19
.30
,02
,72

50. 19
15.5e
8. 19

57
65
31

0. 10
10.71
12,07
2.75
o,49
0.43
0.01
2.85

4E
184

2429
492
tt7
ne
na

1

49
2t

1

4
0
8

13
2
o
0
0
2

155
2.6
6,9

15
1.5

31
9.6
rt2

t3r2
35E
113
t23
40

0.04
2,97
4,O2
2.60
1 .09
0. 15
0.0
2,50

365
l4

2.7
I

0.9
t70
33
28

888
8

48
3

10

0.09
9,34

12 .09
2,29
0.43
1 .60
o,20
t,76

170
6

34
103
l7
40
47

307
92TT

7é.
88
na
na

ToTAL gg,g7 gg,5L gg,g! 1oo.2g gg,gg gg,9g LOO,26 1oO.01 1oO.Og

Trace El ement s in ppm

Sn
Rb
Y
7r'
Nb
Ba
Sc
V
Ti
Cn
Ni
Cu
7n

CIPU Norn

OR
AB
AN
NE

1.24
ll ,42
54.99

43
133

1222
t367
283
142
29

o,24
12,02
46,23

13. Eg
10. óó

1 .75
l ,12
0.lg

10. 3g
I.gg
1 .56
0.34
o.o2

100.29

20 88I
5

13
t7

2.6
57

o,6
4,9
2,4
o,7

18

4,41
3.3ó
0.59
o,2g
0.05

17.35
3.36
2,39
o,47
0. 05

99,97

1 .54
16.93
26,22
2,97

22,34
17,24
2,95

4.91
0.91
1,26
t,77
0.40

99.53

2, tg
27 .50
30.11

12, Lg
E.9ó
2.06
0.45
0. l0

10.19
2.5E
2,65
0.89
0.07

gg.g2

6,44
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4.22

nPPEN0IH 5: Electron Microprobe Hnalgsis and Results

lnstrumentation and precision levels of wavelength (WDS)

and energy (EDSI dispersive systems

The mineral compositions were determined using a JEOL 733

automated microanalyser at the Electron Optical Centre of the University

of Adelaide. The instrument was equipped with three spectrometers for

WDS analysis and a Kevex Si(Li) crystal detector for EDS analysis. The

operating conditions for EDS were 15 KV accelarating voltage and 5 nA

beam current; for WDS, 15 KV and 3 nA respectively. The beam diameter

was maintained at 10 pm, except when analysing for exsolution lamellae

in pyroxenes; in the latter case, the beam was reduced to a minimum of

2-3 pm.

The KEVEX EDS system was calibrated on oxide and mineral

standards and checked on pure copper standards. The counting time was 60

seconds. ln WDS analysis, the peak counting time was 100 seconds and

background position counting time 60 seconds. Oxides and pure metal

standards as well as a set of mineral standards were used for calibration.

On line data correction was carried out using the JEOL supplied software

package 'Jastran'.

Polished thin sections were prepared for 85 selected samples

from harzburgites, troctolites, olivine-gabbros, massive gabbros from the

major exposures, wehrlite, and a few basalts and dolerites.

A spinel composition determined by WDS and EDS methods is

given in table 1. There is good agreement between the two methods with

the only discrepancy being the vanadium content. No vanadium has been

detected by the WDS method. Ni has not been detected by the EDS method

Spinel composition in troctolites determined by EDS. Additionally, spinels

analysed by WDS in 10 samples. The composition of spinel phenocrysts/



megacrysts in the lavas obtained by WDS. The detection limits of the WDS

method for all analysed elements, are lower than those of the EDS method.

This is particularly impodant for minor elements. Detection limits for

both methods are given in table 2. The major elements of olivine (Si, Mg,

Fe) were determined by EDS and the minor elements (Ni, Mn, Al, Cr, Ti) by

WDS. Olivine compositions used for olivine composition profiles in the

geothermometry-geospeedometry section were analysed by WDS. Pyroxenes

from the troctolites and gabbros analysed by EDS, and enstatites and

clinopyroxenes from harzburgites by WDS. Plagioclase compositions

obtained by EDS.

Tables of microprobe analyses from representative phases in Microfiche








